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&RPSRQHQWEDVHG WHFKQRORJLHV VXFK DV -DYD %HDQV DQG &20$FWLYH; DUH ILQGLQJ
LQFUHDVLQJXVHLQLQGXVWULDOSUDFWLFHVEHFDXVHRIWKHLUSRWHQWLDOWRLPSURYHVRIWZDUHTXDOLW\




DLUFUDIW DLU WUDIILF DLUFUDIW QDYLJDWLRQRU DLUFUDIW FRPPXQLFDWLRQV




FULWLFDO DSSOLFDWLRQV DQG WKLV WUHQG LV OLNHO\ WR FRQWLQXH EHFDXVH RI EXVLQHVV DQG
SURGXFWLYLW\ FRQVLGHUDWLRQV >@ 5HOLDEOH DQG HIIHFWLYH FRQVWUXFWLRQ DQG XVH RI
SUDFWLFDO FRPSRQHQW WHFKQRORJLHV LQ GHYHORSLQJ ODUJHU V\VWHPV DUH DPRQJ WKH PRVW





FRPSRQHQW RI D ODUJH V\VWHP KDV EHKDYLRUDO VSHFLILFDWLRQV WKHQ VSHFLILFDWLRQEDVHG
PRGXODU UHDVRQLQJ DOORZV LPSOHPHQWDWLRQV RIPRGXOHV WR EH YHULILHG RQH DW D WLPH 7KLV





OLPLWHG XVDJH LQ WKH SUDFWLFDO FRPSRQHQWEDVHG WHFKQRORJLHV  6RPH RI WKH
IUHTXHQWO\FLWHG DQG YDOLG UHDVRQV IRU WKLV JDS EHWZHHQ WKHRU\ DQG SUDFWLFH DUH QRQ
WHFKQLFDOPDQDJHULDOUHOXFWDQFHWRLQYHVWLQIRUPDOPHWKRGVDQGLPSOHPHQWHUUHOXFWDQFH
WR DGDSW IRUPDO PHWKRGV %XW PRUH LPSRUWDQWO\ WKHUH DUH IXQGDPHQWDO WHFKQLFDO
LPSHGLPHQWV UDQJLQJ IURP XVH RI DG KRF LPSOHPHQWDWLRQ WHFKQLTXHV WKDW SUHFOXGH
DEVWUDFW EHKDYLRUDO VSHFLILFDWLRQ WR OLPLWDWLRQV RI WKH IRUPDO VSHFLILFDWLRQ WHFKQLTXHV
([DPSOHV RI WKHVH WHFKQLFDO SUREOHPV LQFOXGHVWRUDJH UHODWHG LVVXHV VXFK DV ´RXW RI
PHPRU\µ HUURUV KDQGOLQJ RI UHIHUHQFH YDULDEOHV DQG UHIHUHQFH SDUDPHWHU SDVVLQJ DQG
FDSWXULQJRIFRPSRQHQWEHKDYLRUV LQYROYLQJ LQYHUVLRQFRQWURO )RUSUDFWLWLRQHUV WREH
DEOHWRDSSO\IRUPDOVSHFLILFDWLRQWHFKQLTXHVZLWKFRQILGHQFHWKHVHDQGRWKHUXQUHVROYHG
UHVHDUFKLVVXHVLQGHVFULELQJFRPSRQHQWEHKDYLRUVPXVWEHDGGUHVVHG




HUURUVFDQQRWEHGHWHFWHGHDVLO\XVLQJ LQIRUPDO WHFKQLTXHV +RZHYHU WKHVH LVVXHV WKDW
DULVHLQWKHUHDOL]DWLRQRIHYHU\FRPSRQHQWDQGV\VWHPKDYHUHFHLYHGOLWWOHDWWHQWLRQLQWKH
IRUPDO PHWKRGV OLWHUDWXUH ,Q SDUWLFXODU QR IRUPDO WHFKQLTXHV H[LVW WR DGGUHVV WKH
IROORZLQJIXQGDPHQWDOVWRUDJHUHODWHGTXHVWLRQVIRUSUDFWLFDOFRPSRQHQWEDVHGVRIWZDUH
GHYHORSPHQW
 *LYHQ D FRPSRQHQWEDVHG V\VWHP FRQVWUDLQWV RQ LQSXW SDUDPHWHUV DQGPD[LPXP
DYDLODEOHVWRUDJHFDSDFLW\LVLWSRVVLEOHWRUHDVRQVWDWLFDOO\DQGLQDPRGXODUIDVKLRQ
VRWKDW WKHV\VWHPZRXOGQRW UXQ´RXWRIPHPRU\µ" $OWHUQDWLYHO\FDQ WKH V\VWHP

SUHGLFW ZKDW FRQVWUDLQWV VKRXOG EH SODFHG RQ LQSXWV RU ZKDW VWRUDJH FDSDFLW\ LV
QHHGHGWRDYRLGWKHSUREOHP"
 ,V LW SRVVLEOH IRU WKH UHDVRQLQJ V\VWHP WR EHPRGXODU \HW VXIILFLHQWO\ SUHFLVHZLWK
UHVSHFWWRVWRUDJHFRQVWUDLQWV"
 ,V LW SRVVLEOH WR KDYH D IRUPDOO\VSHFLILHG VWRUDJH PDQDJHPHQW VFKHPH WKDW LV
SUHGLFWDEOHDQGHIILFLHQW\HWDOORZVHIIHFWLYHVWRUDJHXWLOL]DWLRQ"
7KLV GLVVHUWDWLRQ DGGUHVVHV DQG DQVZHUV HDFK RI WKHVH TXHVWLRQV LQ WKH DIILUPDWLYH E\
GLVFXVVLQJ IRU WKH ILUVW WLPHD IRUPDO V\VWHP IRU VSHFLILFDWLRQDQG UHDVRQLQJRI VWRUDJH
FDSDFLW\ 7KHUHVWRI WKLVFKDSWHU LVRUJDQL]HG LQWRWKH IROORZLQJVHFWLRQV 6HFWLRQ
FRQWDLQVEDFNJURXQGRQDOWHUQDWLYH VWRUDJHPDQDJHPHQW WHFKQLTXHVXVHG LQFRPSXWLQJ
WKHRU\ DQG SUDFWLFH DQG WKHLU OLPLWDWLRQV  6HFWLRQ  GHVFULEHV WKH REMHFWLYHV RI WKLV
GLVVHUWDWLRQLQGHWDLO6HFWLRQFRQWDLQVDQRXWOLQH
1.1 Alternative Storage Management Schemes
&RPPRQO\XVHGWHFKQLTXHVIRUVWRUDJHPDQDJHPHQWFDQEHEURDGO\FODVVLILHGLQWRWKRVH
IRU VWDWLF VWRUDJHPDQDJHPHQW DQG WKRVH IRU G\QDPLF VWRUDJH PDQDJHPHQW  ,Q VWDWLF
VWRUDJHPDQDJHPHQW HDFK SURJUDPPLQJ REMHFW LV ´ERXQGHG VWDWLFDOO\µ WR DPD[LPXP
VL]HDQGLVOLPLWHGWREHZLWKLQWKLVIL[HGFDSDFLW\GXULQJLWVOLIHWLPH,QG\QDPLFVWRUDJH
PDQDJHPHQWHDFKREMHFWLV´XQERXQGHGµDQGLVDOORZHGWRJURZDUELWUDULO\7KHREMHFWV
VKDUH JOREDO VWRUDJH &RPSRQHQWEDVHG WH[WERRNV VXFK DV >@ GHVFULEH ERXQGHG DQG
XQERXQGHGYHUVLRQVRIFRPSRQHQWV
5HJDUGOHVV RI SDUWLFXODU PHPRU\ PDQDJHPHQW VFKHPHV DQG WKH NLQGV RI FRPSRQHQWV
XVHG WKH TXHVWLRQV UDLVHG LQ WKH SUHYLRXV VHFWLRQ DULVH  7KLV LV EHFDXVH DOO SUDFWLFDO
V\VWHPVZRUNZLWKLQERXQGHGFDSDFLW\DQGLQPRVWFDVHVWKHUHDUHQRQDWXUDOERXQGVRQ
LQSXWV WRPRVW V\VWHPV (YHQ VLPSOH V\VWHPV XVHPRGXOH FRQVWUXFWV DQGSURFHGXUHV
LQWURGXFLQJUXQWLPH VWRUDJH LVVXHVVXFKDVSURFHGXUHFDOORYHUKHDGVDQG ORFDOYDULDEOHV

WKDW HQWHU DQG OHDYH WKH VFRSH 8VHRIERXQGHGRUXQERXQGHGREMHFWV LQIOXHQFHRQO\
ZKHUHWKHVWRUDJH OLPLWDWLRQTXHVWLRQVDULVHZLWKLQDQREMHFWRUZLWKLQ WKHJOREDOSRRO
7KH SDUWLFXODU VFKHPHV XVHG DIIHFW FRPSOH[LW\ RI WKH VSHFLILFDWLRQ DQG UHDVRQLQJ
WHFKQLTXHV WR EH HPSOR\HG  7KH VFKHPHV DOVR DIIHFW WKH RYHUDOO SHUIRUPDQFH RI WKH
V\VWHPLQFOXGLQJLWVHIILFLHQF\SUHGLFWDELOLW\DQGHIIHFWLYHQHVVRIVWRUDJHXVDJH
,Q WKH VWDWLF VWRUDJH PDQDJHPHQW VFKHPH WKH WRWDO DYDLODEOH VWRUDJH QHHGV WR EH
SDUWLWLRQHG DPRQJ WKH REMHFWV RI D V\VWHP D SULRUL EDVHG RQ DSSOLFDWLRQVSHFLILF
NQRZOHGJHDQGH[SHULHQFH6WDWLFVWRUDJHPDQDJHPHQWLVFRQFHSWXDOO\VLPSOHDQGOHDGV
WRSURJUDPV WKDWDUHHDVLHU WRXQGHUVWDQG 6LQFHQR VWRUDJH LV DOORFDWHGRUGHDOORFDWHG
GXULQJH[HFXWLRQ WKLV VFKHPH LQWURGXFHVQRRYHUKHDG LQ WHUPVRI UHVSRQVH WLPH IRU D
VWRUDJHUHTXHVWDQGUHVXOWV LQPD[LPXPSUHGLFWDELOLW\DQGHIILFLHQF\%XW WKLVDSSURDFK
UHVXOWV LQSRRUXWLOL]DWLRQ RI WKH VWRUDJH DQG GHPDQGV WKDW LW EHSRVVLEOH WRGHWHUPLQH
VWRUDJHQHHGHGIRUHYHU\SURJUDPPLQJREMHFWDSULRUL7RLPSURYHVWRUDJHXWLOL]DWLRQDQG
WRFKRRVHSUHDOORFDWLRQ VL]HVRIREMHFWVPRUHDSSURSULDWHO\ LWPD\EHQHFHVVDU\ WRGR
FRPSOH[ DQDO\VLV RI UXQWLPHSDWWHUQVEDVHGRQ HPSLULFDO VWXGLHV DQG VWDWLVWLFDO DQDO\VLV








*LYHQ WRWDO FRQWURO RQ VWRUDJH PDQDJHPHQW SURJUDPPHUV KDYH JUHDWHU IOH[LELOLW\ LQ
WHUPVRI VWRUDJHPDQLSXODWLRQ DQGFDQGHYHORSKLJKO\ VRSKLVWLFDWHGSURJUDPV WKDW DUH
HIILFLHQWDQGWKDWXWLOL]HPHPRU\RSWLPDOO\7KHSUHGLFWDELOLW\LQSURJUDPPHUFRQWUROOHG
PHFKDQLVPVKRZHYHU LV SRRUHU WKDQ LQ VWDWLF VWRUDJHPDQDJHPHQW ,W GHSHQGVRQ WKH














+LJK 0HGLXP 0HGLXP 0HGLXP
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&ROOHFWLRQ
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Figure. 1: A Comparison of various storage management schemes

GHEXJ LQ SURJUDPPHUFRQWUROOHGPHPRU\ PDQDJHPHQW 6WRUDJHUHODWHG HUURUV LQ WKLUG
SDUW\OLEUDULHVDUHHYHQKDUGHUWRORFDWHLQWKLVVFKHPH





$OVR E\ FRQFHDOLQJ PHPRU\ PDQDJHPHQW GHWDLOV IURP WKH SURJUDPPHUV *& FRYHUV
VHFXULW\DVSHFWDVZHOO%XW*&LVSRRULQVWRUDJHXWLOL]DWLRQFRPSDUHGWRSURJUDPPHU
FRQWUROOHGVWRUDJHPDQDJHPHQW0RVWRIWKH*&LPSOHPHQWDWLRQVDUHFRQVHUYDWLYHDQG
KHQFHWKH\FDQQRWJXDUDQWHHWKHDYDLODELOLW\RI WKHVWRUDJHHYHQ LI LW LVDYDLODEOHDW WKH
WLPH RI D UHTXHVW  7KH UHVSRQVH WLPH IRU D UHTXHVW GHSHQGV RQ WKH UXQWLPH
FKDUDFWHULVWLFV DQG WKLV LQWURGXFHV SUHGLFWDELOLW\ SUREOHPV LQ XVLQJ *& >@




,W LV LPSRUWDQW WR HVWDEOLVK WKDW VRIWZDUH V\VWHPV ZRUN ZLWKLQ VSHFLILHG VWRUDJH
FRQVWUDLQWVEHFDXVHXOWLPDWHO\ DOO SUDFWLFDO VRIWZDUH V\VWHPVQHHG WR IXQFWLRQZLWKLQ D
IL[HGVWRUDJHFDSDFLW\ WKDW LVGHWHUPLQHGE\ WKHXQGHUO\LQJHQYLURQPHQW7KHDELOLW\ WR
UHDVRQDERXWVWRUDJHDVSHFWVLVDIXQGDPHQWDOUHTXLUHPHQWEHFDXVHLPSURSHUKDQGOLQJRI
G\QDPLFVWRUDJHFDQRIWHQOHDGWRGHYLRXVDQGGLIILFXOWWRGHWHFWVRIWZDUHHUURUVWKDWFDQ
VDERWDJH FULWLFDO PLVVLRQV 6WRUDJH KDQGOLQJ DOVR KDV WUHPHQGRXV LPSOLFDWLRQV RQ WKH
SUHGLFWDELOLW\RI UHDOWLPHV\VWHPV,W LV WKHUHIRUHHVVHQWLDO WREHDEOH WRXVHDQGUHDVRQ
DERXWVWRUDJHZLWKHDVHEXWZLWKRXWFRPSURPLVLQJHIILFLHQF\RUSUHGLFWDELOLW\

)RU VRIWZDUH V\VWHPV FRPSRVHG RI FRPSRQHQWV RIWHQ GHYHORSHG LQGHSHQGHQWO\ DQG
IDFLOLWDWHGE\PRVWPRGHUQODQJXDJHVVWRUDJHKDQGOLQJUDLVHVDGGLWLRQDOFRPSOH[LWLHV,Q
WKHVHFRPSRQHQWEDVHGV\VWHPVLWPXVWEHSRVVLEOHWRHVWDEOLVKORFDOO\WKDWHDFKRIWKH
SDUWLFLSDWLQJ FRPSRQHQWV LV FRUUHFW ZLWK UHVSHFW WR LWV VSHFLILFDWLRQ>@ :KHQ WKH
FRPSRQHQWVDUHFRPELQHGWRIRUPDODUJHUV\VWHPLWZLOOWKHQEHQHFHVVDU\RQO\WRVKRZ
WKDW WKH FRPSRVLWLRQ LV FRUUHFW SDUWLFLSDWLQJ FRPSRQHQWV ZRXOG QRW KDYH WR EH UH
YHULILHG 6WRUDJH KDQGOLQJ FRPSOLFDWHV PRGXODU UHDVRQLQJ EHFDXVH VWRUDJH LV D JOREDO
UHVRXUFH VKDUHG E\ DOO RU JURXSV RI REMHFWV )RU VDIH DQG VHFXUH XVH RI REMHFWV LQ
V\VWHPVWKDWIDFLOLWDWHHDV\FRPSRQHQWVKDULQJHJ-DYDVWRUDJHUHODWHGLVVXHVPXVWEH
FDUHIXOO\ DGGUHVVHG 7KHVH REVHUYDWLRQV OHDG WR WKH IROORZLQJ REMHFWLYHV IRU WKLV
GLVVHUWDWLRQHDFKRIZKLFKFRUUHVSRQGVGLUHFWO\WRDTXHVWLRQUDLVHGLQWKHLQWURGXFWLRQ
,WLVHVVHQWLDOWRKDYHDIRUPDOV\VWHPWKDWDFFRXQWVIRUVWRUDJHOLPLWDWLRQVDQGIDFLOLWDWHV




LVVXHV PXVW EH NHSW VHSDUDWH \HW UHODWHG  :KHUHDV VWRUDJH FRQVWUDLQWV DUH QRUPDOO\





)OH[LELOLW\ RI WKH VWRUDJHPHFKDQLVP IRU DOORZLQJ XVHUV WR RSWLPL]H VWRUDJH XWLOL]DWLRQ
ZLWK JXDUDQWHHG SUHGLFWDELOLW\ LV DQRWKHU LPSRUWDQW FRQVLGHUDWLRQ LQ VWRUDJH KDQGOLQJ







UHODWHG LVVXHV LQ SUDFWLFDO FRPSRQHQWEDVHG VRIWZDUH GHYHORSPHQW DQG SURSRVLQJ D
IUDPHZRUNIRUWKHVSHFLILFDWLRQDQGUHDVRQLQJRIVXFKV\VWHPV,QSDUWLFXODU LWGHIHQGV
WKHIROORZLQJWKHVLV
 7KHUH LV D IUDPHZRUNDQG IRUPDO V\VWHP WKDWPDNHV LW SRVVLEOH WR UHDVRQ VWDWLFDOO\
DQG LQ DPRGXODU IDVKLRQ WKDW D FRPSRQHQWEDVHG V\VWHPZRXOG QRW UXQ ´RXW RI
PHPRU\µ JLYHQ FRQVWUDLQWV RQ LQSXW SDUDPHWHUV DQG PD[LPXP DYDLODEOH VWRUDJH
FDSDFLW\$OWHUQDWLYHO\WKHV\VWHPFDQSUHGLFWZKDWFRQVWUDLQWVVKRXOGEHSODFHGRQ
LQSXWVRUZKDWVWRUDJHFDSDFLW\LVQHHGHGIRUWKHV\VWHPWRDYRLGWKHSUREOHP
 ,W LV SRVVLEOH IRU WKH UHDVRQLQJ V\VWHP WR EHPRGXODU \HW VXIILFLHQWO\ SUHFLVHZLWK
UHVSHFW WR VWRUDJH FRQVWUDLQWV E\ DOORZLQJ VWRUDJH FRQVWUDLQWV WR EH VSHFLILHG DW
DOWHUQDWLYHOHYHOVRIDEVWUDFWLRQ
 ,W LV SRVVLEOH WR KDYH D IRUPDOO\ VSHFLILHG VWRUDJH PDQDJHPHQW VFKHPH WKDW LV
SUHGLFWDEOH DQG HIILFLHQW \HW DOORZV HIIHFWLYH VWRUDJH XWLOL]DWLRQ  7KH VFKHPH
LQWURGXFHV D ORJ IDFWRU RI VWRUDJH DQG H[HFXWLRQ HIILFLHQF\ ORVV LQ WKH ZRUVW FDVH





&KDSWHU  WLWOHG $OWHUQDWLYH $SSURDFKHV IRU 6SHFLILFDWLRQ RI 6WRUDJH %RXQGV
SUHVHQWVGLIIHUHQWW\SHVRIVWRUDJHVWUDWHJLHVDQGWKHLUVSHFLILFDWLRQV,WDOVRUDLVHVLVVXHV
DQGOLPLWDWLRQVRIWKHVHVWUDWHJLHV
&KDSWHU  WLWOHG ,QWURGXFWLRQ WR 6WRUDJH 6SHFLILFDWLRQ DQG 5HDVRQLQJ RI
8QERXQGHG'DWD$EVWUDFWLRQVSUHVHQWVNH\LGHDVRIVWRUDJHVSHFLILFDWLRQ$OVRLQWKLV
FKDSWHU QHZ QRWDWLRQV IRU VSHFLI\LQJ VWRUDJH LQ 5(62/9( GLVFLSOLQH DUH LQWURGXFHG
DORQJZLWKVHYHUDOVWRUDJHVSHFLILFDWLRQH[DPSOHV8VLQJWKHVWRUDJHVSHFLILFDWLRQQRWDWLRQ
SURSRVHG LQ WKLV FKDSWHU UHDVRQLQJ DERXW WKH FRUUHFWQHVVRISURJUDPVZLWK UHVSHFW WR
VWRUDJHLVDOVRSUHVHQWHGZLWKH[DPSOHV
&KDSWHU  WLWOHG ,QWHUPHGLDWH /HYHOV RI $EVWUDFWLRQ IRU 6WRUDJH &RQVWUDLQW
6SHFLILFDWLRQ GHPRQVWUDWHV WKHQHHG DQG VKRZV WKDW IXQFWLRQDO DQG VWRUDJHEHKDYLRUV
FDQEHVSHFLILHGDWGLIIHUHQWOHYHOVRIDEVWUDFWLRQIRUFDSWXULQJSUHFLVH LPSOHPHQWDWLRQ
UHODWHGVWRUDJHFRQVWUDLQWV
&KDSWHU  WLWOHG +LHUDUFKLFDO 6WRUDJH 0DQDJHU SUHVHQWV D VWRUDJH PDQDJHPHQW









REMHFWV ,W GLVFXVVHV IRUPDO VSHFLILFDWLRQ RI FRQFHSWV WKDW SODFH OLPLWV RQ WKH
ERXQGVRILQGLYLGXDORUJURXSVRIREMHFWV6RPHRIWKHVHVSHFLILFDWLRQVDOORZWKH
ERXQGV WR EH VHW VWDWLFDOO\ RWKHUV DOORZ WKH ERXQGV WR EH VHW DW UXQWLPH
+RZHYHUDOORIWKHPGHPDQGWKDWJOREDOVWRUDJHEHSDUWLWLRQHGLQDULJLGIDVKLRQ
DPRQJWKHREMHFWVRIDSURJUDP
6HFWLRQ  H[SODLQV D EHKDYLRUDO VSHFLILFDWLRQ RI VWDFNV WKDW GRHV QRW LQFOXGH
VWRUDJH ERXQGV 6HFWLRQ  H[SODLQV WKH VSHFLILFDWLRQ RI D VWDFN W\SH WKDW VHWV
VWDWLF VWRUDJHERXQGVRQHYHU\REMHFW6HFWLRQSUHVHQWVD VWDFNVSHFLILFDWLRQ
WKDWSURYLGHVIOH[LELOLW\WRVHWGLIIHUHQWVWRUDJHERXQGVRQGLIIHUHQWREMHFWVDIWHU
WKH LQVWDQWLDWLRQ DQG EHIRUH XVDJH 7KH QH[W VHFWLRQ  JHQHUDOL]HV WKLV
VSHFLILFDWLRQWRFKDQJHWKHVL]HVRIWKHREMHFWVRIDSDUWLFXODUW\SHLQWKLVFDVHLW




2.1 RESOLVE Component Specification Example
$VDSUHOXGH WR WKHGLVFXVVLRQRQDOWHUQDWLYH WHFKQLTXHV IRU VSHFLI\LQJERXQGV
ILUVWZHLQWURGXFHDWUDGLWLRQDOEHKDYLRUDOVSHFLILFDWLRQIRUDFRQFHSWVWDFN7KLV
FRQFHSW WHUPHG 6WDFNB7HPSODWH LV JLYHQ LQ )LJXUH  LQ 5(62/9(
VSHFLILFDWLRQQRWDWLRQ:LWKRXW ORVVRI JHQHUDOLW\ZH XVH5(62/9(QRWDWLRQV

WKURXJKRXW WKLVGLVVHUWDWLRQ WKRXJKDQ\RIDQXPEHURIRWKHU IRUPDOPHWKRGV
VXFKDV/DUFK9'0RU=FRXOGKDYHEHHQXVHGHTXDOO\DVZHOO6WDFNB7HPSODWH
FRQWDLQV EHKDYLRUDO GHVFULSWLRQV RI DQ $EVWUDFW 'DWD 7\SH $'7 VWDFN DQG
RSHUDWLRQV WKDW PDQLSXODWH REMHFWV RI W\SH 6WDFN  $ 5(62/9( FRQFHSW





E\ WKH VSHFLILFDWLRQ7KHSDUDPHWULFFRQWH[W GHILQHV SDUDPHWHUV WKDWPXVW EH
VXSSOLHGE\FOLHQWVWRFUHDWHDQLQVWDQFHRIJHQHULF6WDFNB7HPSODWH+HUHWKHW\SH
RI WKH HQWULHV LQ WKH VWDFN LV D JHQHULF SDUDPHWHU 7KH ORFDO FRQWH[W VHFWLRQ
LQWURGXFHV ZKHQ QHHGHG FRQYHQLHQW ORFDO PDWKHPDWLFDO GHILQLWLRQV WKDW PDNH
WKHVSHFLILFDWLRQHDVLHUWRFRPSUHKHQG
7KH LQWHUIDFH VHFWLRQ RI WKH FRQFHSW IRUPDOO\ GHVFULEHV H[SRUWHG W\SHV DQG
RSHUDWLRQV(DFKSURJUDPW\SHIDPLO\WKHW\SH6WDFNLQWKHSUHVHQWH[DPSOHLV
H[SODLQHG XVLQJ D VWDQGDUG PDWKHPDWLFDO PRGHO 5(62/9( VSHFLILFDWLRQV
W\SLFDOO\ XVH D FRPELQDWLRQ RI VWDQGDUGPDWKHPDWLFDOPRGHOV VXFK DV LQWHJHUV
VHWV IXQFWLRQVUHODWLRQV WXSOHVDQGVWULQJV7KRXJKLW LVSRVVLEOH WRGHILQHDQG
XVHQHZPDWKHPDWLFDOPRGHOV LQ5(62/9(PRGXOHV WRNHHSWKHVSHFLILFDWLRQ






,QWKH6WDFNB7HPSODWHVSHFLILFDWLRQ WKH LQLWLDOL]DWLRQHQVXUHVFODXVH WRJHWKHU
ZLWKH[HPSODUVSHFLILHVWKDWHYHU\VWDFNLVLQLWLDOO\PRGHOHGE\WKHHPSW\BVWULQJ
)ROORZLQJ LQLWLDOL]DWLRQ VSHFLILFDWLRQRIRSHUDWLRQV WKDW FDQEHSHUIRUPHGRQ D
VWDFNFRQFHSWLVJLYHQ7KHHIIHFWRIHDFKRSHUDWLRQLVVSHFLILHGXVLQJDUHTXLUHV
FODXVHSUHFRQGLWLRQDQGDQHQVXUHVFODXVHSRVWFRQGLWLRQ(DFKRIWKHVHLVDQ











  type Stack is modeled by string of Entry
exemplar s
initialization




    )





requires |s| > 0




ensures Depth_Of = |s|
end Stack_Template
Figure 2.1 An Unbounded Stack specification

FODXVHGHILQHV LW WKHUH7RJHWKHUWKHVHWZRFODXVHV VSHFLI\ WKHFRQWUDFWEHWZHHQ
WKHFOLHQWDQGLPSOHPHQWDWLRQIRUHDFKRSHUDWLRQ,IDFOLHQWFDOOVDQRSHUDWLRQLQ
DVWDWHLQZKLFKUHTXLUHVFODXVHKROGVIRUDFWXDOSDUDPHWHUVWKHQWKHLPSOHPHQWHU
JXDUDQWHHV WKDW WKH RSHUDWLRQZLOO UHWXUQ LQ D VWDWH LQZKLFK WKH HQVXUHV FODXVH
KROGVDWUXHYDOXH%XWLIWKHUHTXLUHVFODXVHGRHVQRWKROGZKHQWKHFDOORFFXUV
WKHQWKHLPSOHPHQWHUPDNHVQRJXDUDQWHHVDWDOO
7KHUH DUH WKUHH RSHUDWLRQV VSHFLILHG IRU WKH FRQFHSW 6WDFNB7HPSODWH 7KH
VSHFLILFDWLRQRIRSHUDWLRQ3XVKKDV WZRSDUDPHWHUVDOWHUV VRI W\SH6WDFNDQG
FRQVXPHV[RIW\SH(QWU\7KHVHWZRSDUDPHWHUVDUHDEVWUDFWSDUDPHWHUPRGHV
LQ5(62/9(VSHFLILFDWLRQQRWDWLRQ7KH DOWHUVPRGHSDUDPHWHU LV FKDQJHGE\
H[HFXWLQJ WKH RSHUDWLRQ DQG WKH HQVXUHV FODXVH VSHFLILHV LWV QHZ YDOXH $
FRQVXPHVPRGHSDUDPHWHUKDVDOHJDOYDOXHDIWHUWKHRSHUDWLRQEXWWKHYDOXHLV







RSHUDWLRQ 3RS DOWHUV LWV SDUDPHWHU VWDFN V DQG SURGXFHV D QHZ YDOXH LQ WKH
SDUDPHWHU[7KHROGYDOXHRI[LVXQNQRZQ7KH'HSWKB2IRSHUDWLRQSUHVHUYHV
VWDFN V DQG UHWXUQV LWV FXUUHQW GHSWK ,Q5(62/9( VZDSSLQJ LV WKH EDVLF GDWD
PRYHPHQWPHFKDQLVP7KHGHIDXOWXVHRIVZDSSLQJIRUGDWDPRYHPHQWUHVXOWVLQ






LQLWLDO YDOXH ZKLFK LV VSHFLILHG LQ WKH LQLWLDOL]DWLRQ HQVXUHV FODXVH RI WKH
W\SHVSHFLILFDWLRQ
 7KH ILQDOL]H RSHUDWLRQ LV LQYRNHG RQO\ DW WKH HQG RI WKH VFRSH ZKHUH LWV
DUJXPHQWLVGHFODUHG7KHUHLVQRDEVWUDFWHIIHFWRIWKLVRSHUDWLRQRWKHUWKDQ
WKHGLVDSSHDUDQFHRIWKHHQWLW\
 7KH VZDS RSHUDWLRQ LQYRNHG XVLQJ WKH LQIL[   RSHUDWRU H[FKDQJHV WKH
YDOXHVRI LWV WZR DUJXPHQWV7KLV LV WKH EDVLF GDWDPRYHPHQW RSHUDWLRQ LQ




2.2 Bounded Plastic Components
$5(62/9(VSHFLILFDWLRQRI%RXQGHGB3ODVWLFB6WDFNB7HPSODWHFRQFHSWLVJLYHQ
LQ )LJXUH  7KLV FRQFHSW LV SDUDPHWHUL]HG E\ W\SH (QWU\ DQG 0D[B'HSWK
+HUHWKHVL]HRIHDFKVWDFNLVIL[HGDSULRULE\WKHYDOXHRI0D[B'HSWK
,Q WKH LQWHUIDFH VSHFLILFDWLRQ UHTXLUHV FODXVH RI 3XVK RSHUDWLRQ VWDWHV DQ




WKHRQO\RSHUDWLRQ WKDW LQYROYHV WKH VWRUDJHVSHFLILF YDULDEOH0D[B'HSWK LQ LWV
VSHFLILFDWLRQ

%HIRUH %RXQGHGB6WDFNB7HPSODWH FDQ EH XVHG LW PXVW EH LQLWLDOL]HG $Q






--Bounds of s1, and s2 are intially set to 1000
--procedure body
end Example
Figure 2.3 Bounded integer stack facility and its usage
concept Bounded_Stack_Template
context
     global context
            facility Standard_Integer_Facility
     parametric context
      constant Max_Depth: Integer
            restriction Max_Depth  > 0
            type Entry
interface
      type Stack is modeled by string of Entry
    exemplar s
    initialization
            ensures |s| = 0
            constraint |s| <= Max_Depth




requires |s| < Max_Depth
ensures s = #s * #x




requires |s|  > 0




ensures Depth_Of = |s|
    operation Max_Depth(
): Integer
      ensures Max_Depth = Max_Depth
end Bounded_Stack_Template




WKH FRQFHSW VKRXOG DOVR EH SLFNHG  7KLV IOH[LELOLW\ WR FKRRVH DQ\ VSHFLILF
UHDOL]DWLRQIRUDFRQFHSWDOORZVSURJUDPPHUV WRKDYHGLIIHUHQW LQVWDQFHVRI WKH
VDPHFRQFHSWVXSSRUWHGE\GLIIHUHQWUHDOL]DWLRQVLQWKHVDPHSURJUDP,Q)LJXUH
 6WDWLFB$UUD\B:LWKB7RSB,QGH[ GHQRWHV D VWDWLF DUUD\EDVHG UHDOL]DWLRQ RI
%RXQGHGB6WDFNB7HPSODWH VXFK DV WKH RQH JLYHQ LQ )LJXUH  $ IRUPDO
VSHFLILFDWLRQRI6WDWLFB$UUD\B7HPSODWHDQGDQDUUD\EDVHGUHDOL]DWLRQDUHJLYHQLQ
$SSHQGL[$
2.3 Bounded Ceramic Components
,Q WKH ERXQGHG SODVWLF YHUVLRQ RI VWDFN DOO WKH HOHPHQWV RI IDFLOLW\ DUH RI VL]H
0D[B'HSWK,WPD\QRWEHWKHFDVHDOZD\VWKDWDOOWKHLQVWDQFHVRI,QWHJHUVWDFN
QHHG WR EH RI VL]H  ,W ZRXOG DGG JUHDWHU YDOXH DQG RSWLPL]H WKH VWRUDJH
XWLOL]DWLRQLIWKHIDFLOLW\FDQRIIHUIOH[LELOLW\WRFKDQJHWKHVL]HRI WKHLQVWDQFHDW
WKH WLPH RI XVDJH $ ERXQGHG FHUDPLF YHUVLRQ RI WKH VWDFN VSHFLILFDWLRQ WKDW
VXSSRUWV WKLV QHHG LV JLYHQ LQ )LJXUH  7KLV YHUVLRQ LV FDOOHG FHUDPLF VWDFN
WHPSODWH7KHXSSHUERXQGVRIDOOLQWHJHUVWDFNREMHFWVIURPWKHIDFLOLW\LQ)LJXUH
 DUH IL[HG WR EH   7KH FHUDPLF YHUVLRQ RI WKH VSHFLILFDWLRQ ZKLOH VWLOO
IRUFLQJ D ERXQG RQ HDFK REMHFW DOORZV GLIIHUHQW VWDFN REMHFWV WR XVH GLIIHUHQW
XSSHUERXQGV

7KH VLPLODULWLHV DQG GLIIHUHQFHV EHWZHHQ %RXQGHG 3ODVWLF VWDFN DQG %RXQGHG
&HUDPLFVWDFNFRQFHSWXDOL]DWLRQDUHLPSRUWDQWWRQRWH7KHVWDFNLQWKH%RXQGHG
&HUDPLF FDVH LVPRGHOHG E\ DPDWKHPDWLFDO WXSOH6WULQJ0D[B'HSWK! 7KLV
PHDQVWKDWHYHU\VWDFNLQVWDQFHKDVWREHWKRXJKWRIDVDVWULQJRIHQWULHVZLWKDQ
DVVRFLDWHG0D[B'HSWK:KLOHWKHEDVLFRSHUDWLRQVRQVWDFNDUHVWLOOVDPHWKHUHLV
DQ DGGLWLRQ RI WZRPRUH SURFHGXUHV WR WKH LQWHUIDFH LQ WKLV VSHFLILFDWLRQ 7KH
SURFHGXUH6HWB0D[B'HSWKDOORZVFKDQJLQJWKHVL]HRIWKHVWDFN%XWWKHUHTXLUHV




            facility Standard_Integer_Facility
    parametric context
      type Entry
    interface
      type Stack is modeled by (
contents: string of Entry,
Max_Depth: integer
)
      exemplar s
   initialization
           ensures |s.contents| = 0 and
s.Max_Depth = 0





           requires max_depth  > 0  and
s.Max_Depth = 0





           ensures Get_Max_Depth = s.Max_Depth
   -- specifications of Push, Pop, and Depth_Of are
   -- similar to those in Figure 2.3 except that now
   -- s.Max_Depth is used instead of Max_Depth
end Bounded_Ceramic_Stack_Template
Figure 2.4 Bounded Ceramic Stack specification

ZKHQ0D[B'HSWK LV HTXDO WR ]HUR7KH&HUDPLFB$UUD\B7HPSODWH VSHFLILFDWLRQ
DQGDUHDOL]DWLRQERG\EDVHGRQWKLVVSHFLILFDWLRQDUHJLYHQLQ$SHQGL[$
%RWKSODVWLFDQGFHUDPLFYHUVLRQVRIVSHFLILFDWLRQVLQZKLFKPD[LPXPGHSWKRI
LQGLYLGXDO REMHFWV DUH ERXQGHG DUH VLPSOH IRU XQGHUVWDQGLQJ DQG UHDVRQLQJ




FHUDPDF ERXQGHG FRPSRQHQWV WR XVH WKHP DSSURSULDWHO\  7KH VL]HV RI WKH
REMHFWVLQDSODVWLFERXQGHGFRPSRQHQWDUHVHWDWWKHWLPHRIIDFLOLW\LQVWDQWLDWLRQ
)RUH[DPSOH LQ)LJXUH WKLV VL]H LV ,Q WKHFDVHRI DERXQGHG FHUDPLF
FRPSRQHQWWKHIDFLOLW\LQVWDQWLDWLRQGRHVQRWWDNHWKHVL]HRIWKHFRPSRQHQWDVD
SDUDPHWHUEXWXVHUVFDQVHWWKHVL]HDWREMHFWOHYHODIWHULQVWDQWLDWLQJWKHP)LJXUH






--Initially, sizes of the stacks are not set
--Set the size of s1 to 100
Set_Max_depth(s1,100)
--Set the size of s2 to 1000
Set_Max_Deoth(s2,1000)
--Sizes of these two variables can not be changed
--procedure body
end Example
Figure 2.5 Bounded Ceramic integer stack facility

JLYHVDQH[DPSOHRIFHUDPLFLQWHJHUVWDFNIDFLOLW\LQVWDQWLDWLRQ7KLVIOH[LELOLW\
DW ILQHU JUDQXODULW\ OHYHOV LV GHVLUDEOH IRU VWRUDJH XWLOL]DWLRQ DQG SURJUDPPLQJ
FRQYHQLHQFH






)URP WKH GLVFXVVLRQ RQ ERXQGHG FRPSRQHQWV LQ WKH SUHYLRXV VXEVHFWLRQ LW LV
HYLGHQWWKDWWKHLQVWDQWLDWHGREMHFWVW\SLFDOO\QHHGWRUHVHUYHXQQHFHVVDU\VWRUDJH
WKDW WKH\ PD\ QHYHU XVH EHFDXVH WKH VL]HV DUH IL[HG  &RPPXQDO 6WRUDJH
0DQDJHPHQW &60 LV RQH ZD\ RI GHDOLQJ ZLWK WKH VWRUDJH XQGHUXWLOL]DWLRQ
SUREOHPV SRVHG E\ ERXQGHG FRPSRQHQWV DQG SURYLGH UHTXLUHG IOH[LELOLW\ IRU
G\QDPLF FKDQJHV LQ VWRUDJH UHTXLUHPHQWV 7KH EDVLF LGHD LQ FRPPXQDO VWRUDJH


















FRQVWUDLQW RQ WKLV FRQVWDQW VWDWHV WKDW LW KDV WR EH JUHDWHU WKDQ ]HUR ,Q WKH













4000 Unused storage for dynamic growth
Figure 2.6 A typical example of CSM based component

WZR QRWDWLRQV /DVWB6SHFLPHQB1XP DQG'HQRWHGB%\L DUH LQWURGXFHG LQ
WKLV GHILQLWLRQ 7KH QRWDWLRQ /DVWB6SHFLPHQB1XP GHQRWHV D FRQFHSWXDO







FODXVHRI3XVKRSHUDWLRQ DQG WKH DGGLWLRQRI*HWB5HPB&DSDFLW\RSHUDWLRQ ,Q
WKH VSHFLILFDWLRQ RI UHTXLUHV FODXVH RI WKH 3XVK RSHUDWLRQ WKH FRQVWUDLQW VWDWHV
WKDW 7RWDOB'HSWK  7RWDOB0D[B'HSWK LH WKH FRPELQHG VL]HV RI DOO WKH
LQVWDQFHVRIWKHVWDFNVPXVWEHOHVVWKDQWKHVL]HRIWKHVWRUDJHSRRO7KHVL]HRI
WKHFXUUHQWLQVWDQFHQHHGQRWEHH[SOLFLWO\VHW7KHVL]HOLPLWDWLRQVDUHWDNHQFDUH









      global context
            facility Standard_Integer_Facility
      parametric context
            type Entry
              constant Total_Max_Depth: Integer
              restriction  Total_Max_Depth > 0
      interface
            type Stack is modeled by string of Entry
            math operation Total_Depth : integer
            definition
                      Total_Depth =∑ i=1Stack.Last_Specimen_Num
(|Stack.Denoted_By(i)|)
             constraint
                      Total_Depth <= Total_Max_Depth
            exemplar s
            initialization





                  requires  Total_Depth < Total_Max_Depth





                  requires |s| /= 0




                  ensures Depth_Of = |s|
      operation Get_Rem_Capacity(
): Integer
                  ensures Get_Rem_Capacity =
(Total_Max_Depth - Total_Depth)
end Communal_Stack_Template
Figure 2.7 Communal Stack Specification

&60EDVHG FRPSRQHQWV DGGLWLRQDO ODQJXDJH FRQVWUXFWV DUH UHTXLUHG ZKLFK
PDNHVWKHVSHFLILFDWLRQVOLJKWO\PRUHFRPSOH[
2.5 Discussion
%RXQGHG FRPSRQHQWV DUH PDLQO\ XVHG LQ VROYLQJ WKH SUHGLFWDELOLW\ DQG
SHUIRUPDQFH UHTXLUHPHQWV LQ KDUG UHDOWLPH V\VWHPV $OVR VSHFLILFDWLRQ DQG
YHULILFDWLRQ RI WKHVH FRPSRQHQWV DUH UHODWLYHO\ VLPSOH EXW WKH\ UHVXOW LQ SRRU
XWLOL]DWLRQRIVWRUDJH6\VWHPVZLWKERXQGHGSUHDOORFDWHGFRPSRQHQWVFDQIDLO
HYHQ ZKHQ WKH QHFHVVDU\ VWRUDJH LV DYDLODEOH EHFDXVH WKH XQXVHG VWRUDJH LV
UHVHUYHG IRU RWKHU FRPSRQHQWV &HUDPLF YHUVLRQV DYRLG WKLV SUREOHP WR VRPH
H[WHQWE\DOORZLQJWKHLQVWDQFHVWRSUHDOORFDWHWKHUHTXLUHGVWRUDJH(YHQWKRXJK
LW VHHPV WKDW WKH GLIIHUHQFHV DUH QRW WKDW JUHDW EHWZHHQ ERXQGHG DQG FHUDPLF
FRPSRQHQWVIURPWKH&OLHQWSHUVSHFWLYHLWKDVJUHDWHULPSDFWRQWKHXVDELOLW\,Q
DSURJUDPZKHUHFRPSRQHQWVZLWKGLIIHUHQWERXQGVKDYH WREHXVHG IRU HDFK
GLIIHUHQW VL]HDGLIIHUHQW IDFLOLW\KDV WREHGHFODUHG&HUDPLFFRPSRQHQWV DYRLG






--Initially, sizes of the stacks are not set, but
--items on s1, and s2 can be pushed until there
--combined size is less than or equal to 10000
--procedure body
end Example




&60EDVHG FRPSRQHQWV SURYLGH EHWWHU XWLOL]DWLRQ RI VWRUDJH E\ VXSSRUWLQJ
G\QDPLFJURZWKZLWKLQDQXSSHUOLPLWRIWKHFRPELQHGVWRUDJH
$OOWKHERXQGHGPHFKDQLVPVSUHVHQWHGGLYLGHWKHVWRUDJHLQWRVHJPHQWVDQGWKXV
UHVXOW LQ SRRU XWLOL]DWLRQ RI VWRUDJH DW WKH JOREDO OHYHO (DFK RQH RI WKHVH
DSSURDFKHVZKHQ DSSOLHG UHVXOWV LQ DGLIIHUHQW VSHFLILFDWLRQ RI D FRQFHSW)RU
H[DPSOH WKH WKUHH VSHFLILFDWLRQVRI 6WDFNXVLQJ WKUHH DSSURDFKHV DUH GLIIHUHQW
(YHQWKRXJKWKH\VXSSRUWWKHVDPHFRQFHSW6WDFNLWLVQRWSRVVLEOHWRXVHWKHP
LQ DQ LQWHUFKDQJHDEOH ZD\ ZLWKRXW DIIHFWLQJ WKH EHKDYLRUDO YHULILFDWLRQ 7KH












Global Storage Low High (optimal) High
Figure 2.9 Bounded strategies comparison with Global storage management

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,1752'8&7,21726725$*(63(&,),&$7,21$1'5($621,1*2)
81%281'(''$7$$%675$&7,216
7KHREMHFWLYHRI WKLV FKDSWHU LV WRGHVFULEHD IUDPHZRUN IRU VSHFLILFDWLRQRI JOREDO VWRUDJH
FRQVWUDLQWV RQ XQERXQGHG FRPSRQHQWV ,W DOVR SUHVHQWV D PRGXODU WHFKQLTXH IRU IRUPDO
YHULILFDWLRQRIVWRUDJHFRQVWUDLQWVLQDQLPSOHPHQWDWLRQWKDWUHOLHVRQVWRUDJHVSHFLILFDWLRQRI
UHXVHGFRPSRQHQWV7KHWHFKQLTXH LVDQDWXUDOH[WHQVLRQRIWKHEHKDYLRUDO VSHFLILFDWLRQDQG
UHDVRQLQJPHFKDQLVP 6HFWLRQ  RI WKLV FKDSWHU SUHVHQWV DQ H[DPSOH RI VSHFLILFDWLRQ DQG




RQWKHVRXQGQHVVDQGUHODWLYHFRPSOHWHQHVVRI WKHSURSRVHG IUDPHZRUNZLWK UHVSHFW WR WKH
VWRUDJHFRQVWUDLQWVVSHFLILFDWLRQ
3.1 An Introduction to Behavioral Reasoning






VWRUDJHUHODWHGDVSHFWVZHH[WHQG WKLVEDVLFPHWKRGZLWK UHDVRQLQJUXOHV WKDWXVHFDSDFLW\
VSHFLILFDWLRQ RI REMHFWV LQ DGGLWLRQ WR EHKDYLRUDO VSHFLILFDWLRQ $V D ILUVW VWHS WRZDUGV
SUHVHQWLQJ VWRUDJH VSHFLILFDWLRQ DQG YHULILFDWLRQ PHFKDQLVPV ZH SUHVHQW EHKDYLRUDO
YHULILFDWLRQ RI D 5HYHUVH 4XHXH SURFHGXUH XVLQJ +H\P·V LQGH[HG PHWKRG )LJXUH 
FRQWDLQV D VSHFLILFDWLRQ RI WKH RSHUDWLRQ 5HYHUVH H[DPSOH ZKLFK LV SUHVHQWHG DV DQ
HQKDQFHPHQWWRWKH4XHXHDEVWUDFWGDWDW\SHJLYHQLQ)LJXUH(QKDQFHPHQWVDOORZQHZ
RSHUDWLRQV WR EH GHILQHG DQG XVHG RQ REMHFWV LQ DGGLWLRQ WR WKHVH EDVLF RU SULPDU\








































YHULILFDWLRQ KROGV UHJDUGOHVV RI WKH SDUWLFXODU LPSOHPHQWDWLRQV FKRVHQ IRU4XHXHB7HPSODWH
DQG6WDFNB7HPSODWH:LWKRXW WKH ORVVRI JHQHUDOLW\ D/LVW%DVHG  LPSOHPHQWDWLRQKDVEHHQ




,Q )LJXUH  WKHUH DUH WZR ORRSV LQ WKH ERG\ RI 5HYHUVH )RU HDFK RI WKHVH ORRSV
SURJUDPPHUVQHHGWRVXSSO\DPDLQWDLQLQJRUORRSLQYDULDQWDVVHUWLRQDQGDGHFUHDVLQJRUD































Figure 3.3 An Iterative Implementation of Queue Reverse Opearation

WKHFRQGLWLRQHYDOXDWLRQLQWKHZKLOHORRS%HIRUHWKHRSHUDWLRQ/HQJWKB2IFDQEHH[HFXWHG
WKH UHTXLUHVDVVHUWLRQRI WKHRSHUDWLRQKDV WREH WUXH7KH UHTXLUHV FODXVH IRU WKHRSHUDWLRQ
/HQJWKB2ILVWUXHDQGKHQFHSURYLQJLWLVWULYLDO$EHWWHUH[DPSOHLVWKHWUDQVLWLRQIURPVWDWH
 WR VWDWH  )RU WKLV WUDQVLWLRQ WR KDSSHQ WKH RSHUDWLRQ'HTXHXH KDV WR EH H[HFXWHG 7R
H[HFXWHWKLVRSHUDWLRQWKHUHTXLUHVFODXVHRIWKHRSHUDWLRQ'HTXHXHWREHVDWLVILHG7KLVFDQEH













































• WUXH⇒V (PSW\B6WULQJDQG[ ,QLWLDOB9DOXHDQG
• _T_!⇒T V5T
)ROORZLQJWKHVHVWHSVWKHUHDVRQLQJWDEOHJHQHUDWLRQDQGWKHSURRIVIRUWKHRSHUDWLRQ5HYHUVH
DUH GRQH )LJXUH  OLVWV IDFWV DQG REOLJDWLRQV ZKHUH IDFWV DUH ZKDW DIWHU HDFK VWDWHPHQW WKH

GHYHORSHUV RI 5HYHUVH RSHUDWLRQ FDQ DVVXPH ,W DOVR LQFOXGHV D SDWK FRQGLWLRQ IRU HDFK
VWDWHPHQW7KHVXEVFULSWHGYDULDEOHVLQWKHWDEOHUHSUHVHQWWKHYDOXHRIDYDULDEOHDWWKDWVWDWH
RI WKH SURJUDP )RU H[DPSOH WKH V\PERO [ UHSUHVHQWV WKH YDOXH RI YDULDEOH [ LQ VWDWH 
)LJXUHSUHVHQWV D WDEOHZLWK WKHSURRIPHFKDQLVPV IRU WKHREOLJDWLRQV LQ DOO VWDWHV ,W LV
LPSRUWDQW WR QRWH WKDW QRZKHUH LQ WKH YHULILFDWLRQ LPSOHPHQWDWLRQ DUH DVSHFWV RI WKH
FRQVWLWXHQWFRPSRQHQWV6WDFNDQG4XHXHUHIHUUHG2QO\WKHDEVWUDFWVSHFLILFDWLRQVDUHXVHG














































 _T_!  T V
5T _T_!"
'HTXHXHT[
operation Dequeue( alters    q : Queue,produces  x : Entry )
requires  |q| > 0
ensures   #q = <x> * q
 _T_!  T [T
 V V
3XVKV[
operation Push( alters s: Stack,consumes x: Entry)
     ensures s = #x * #s






















operation Pop( alters s: Stack,produces x: Entry)
   requires |s|  > 0
   ensures #s = x*s










operation Enqueue(alters    q : Queue,consumes x : Entry )
  ensures   q = #q * <#x>













Figure 3.6  Specification-based Reasoning Table for Reverse

State Obligation Proof
0 q0 = s
R*q(?) s0
R*q0
⇒q0, Since s0 is empty string
⇒ q0 = s0R*q0 is true
1 |q1| > 0 (?)  q1 = q0, (fact1 from state 1)
|q0| > 0
⇒ |q1| > 0 is true
3 T V
5TDQG
|q3| < |q2|  (?)
s3
R*q3
⇒ s2R*x2*q3  (fact 2 from State 3)
⇒ s2R*x2*q2  (fact 1 State 3)
⇒ s2R*q1 (fact 1 State 2)
⇒ s1R*q1 (fact 2 State 2)
⇒ q0 (fact 1 State 1)
⇒ (q0 = s3R*q3) is true
termination:
|q3| < |q1|




 (?) Since,|q| =0
q4*s4
⇒ s
⇒ q0R  (fact 1 of state 4)
⇒ q0R= q4*s4 is true





|s7| < |s4| (?)
q7*s7
⇒ q6*x6*s7 (fact 1 from state 7)
⇒ q6*x6*s6  (fact 2 from state 7)
⇒ q6*s5 (fact 1 from state 6)
⇒ q5*s5  (fact 2 from state 6)
⇒s(fact 1 from state 5)
⇒ q0R (fact1 from state 4)
⇒ q0R= q7*s7 is true
termination:
|s7 | = |s|
|s6| < |s5| (fact 1 from state 6)
⇒ |s7| < |s5|
|s| <= |s| (fact 1 from sate 5)
⇒ |s7| < |s4|
8 q8 = q0
R(?)  q8 = s4 (facts, 1,2 and 3 from state 8)
⇒ q8 = q0R is true  (fact 1, and 2 from state 4)
Figure 3.7 Proof Table for the Reverse Procedure

3.2  Storage Specification
7KLVVHFWLRQH[SODLQVKRZEHKDYLURDOVSHFLILFDWLRQDQGUHDVRQLQJFDQEHH[WHQGHG WR LQFOXGH
VWRUDJHFRQVLGHUDWLRQV$WWKHJOREDOOHYHOLWLVDVVXPHGWKDWWKHUHLVDILQLWHDPRXQWRIVWRUDJH
DYDLODEOH 7KH0D[B&DSFLW\ JOREDO FRQVWDQW UHSUHVHQWV WKLV VWRUDJH OLPLW 'XULQJ SURJUDP
YHULILFDWLRQ 0D[B&DSDFLW\ ZRXOG EH WKH VL]H RI WKH 5$0 RU WKH VL]H RI WKH WRWDO YLUWXDO
PHPRU\ LQFOXGLQJ 5$0 ,I WKH XQGHUO\LQJ RSHUDWLQJ V\VWHP XVHV D GHPDQG SDJHG YLUWXDO
PHPRU\PHFKDQLVPWKHQWKLVZRXOGEHWKHVXPRI5$0DQGGLVNVSDFH
7RVSHFLI\WKHVWRUDJHXVHGE\DQREMHFW WKHQRWDWLRQXVHVFDSDFLW\ LV LQWURGXFHG LQWKH
LQWHUIDFH VHFWLRQ RI WKH FRQFHSW GHFODUDWLRQ 7KH YDOXH VSHFLILHG E\ WKLV NH\ZRUG LV
HTXLYDOHQWWRWKHVWRUDJHXVHGE\DQREMHFWDWDQ\JLYHQLQVWDQW $PDWKIXQFWLRQ& IRU
FDSDFLW\IURPDW\SHWRLWVXVHVFDSDFLW\YDOXHLVGHILQHGWRFRPSXWHWKHVWRUDJHXWLOL]HGE\
DQREMHFW7KH UHTXLUHV FDSDFLW\ FODXVH LQ WKH LQWHUIDFH VSHFLILFDWLRQ RI HDFK RSHUDWLRQ
VSHFLILHV WKH VWRUDJH UHTXLUHPHQW IRU WKDW RSHUDWLRQ 7KLV FODXVH FRQWDLQV ERWK WKH
SURFHGXUHFDOORYHUKHDGDVZHOODVWKHWUDQVLHQWVWRUDJHUHTXLUHPHQWV7KHUHTXLUHVFDSDFLW\
FODXVH LVDOVRXVHG LQ WKH LQLWLDOL]DWLRQ FRQVWUDLQWV WR VSHFLI\ WKH VWRUDJH UHTXLUHGE\ WKDW
W\SHDWWKHWLPHRILQLWLDOL]LQJDQREMHFW
7R LOOXVWUDWH WKHVHQRWDWLRQVDQG WKHLUPHDQLQJDQH[DPSOH WKDW VKRZVXQERXQGHG VWDFN
VWRUDJHUHTXLUHPHQWVLVJLYHQLQ)LJXUH,QWKLVVSHFLILFDWLRQWKHXVHVFDSDFLW\DVVHUWLRQ
LV JLYHQ DV&VWDFN_V_&(QWU\B2YHUKHDG∑[ (QWU\&[ZKHUH,6B(175<B2)V[+HUH&VWDFN LV
WKH FRQVWDQW DPRXQW RI VWRUDJH UHTXLUHG IRU DQ HPSW\ VWDFN 7KH FRQVWDQW &(QWU\B2YHUKHDG
UHSUHVHQWV WKH VWRUDJH UHTXLUHPHQW IRU DGGLQJ D QHZ LWHP WR WKH VWDFN
,6B(175<B2)V[ LV D PDWK RSHUDWLRQ WKDW DVVHUWV ZKHWKHU HOHPHQW [ LV SDUW RI WKH
VWULQJVRUQRW
                                                          
1 math operation IS_ENTRY_OF( str: string of Entry, x: Entry ): boolean







CPush = 2 * CReference +  CEntry_Overhead
CPop = 2 * CReference




  type Stack is modeled by string of Entry
exemplar s




ensures s = empty_string
operation Push( alters s: Stack
consumes x: Entry
)
ensures s = <#x> * #s
requires capacity CPush
operation Pop( alters s: Stack
produces x: Entry
)
requires |s| > 0
requres capacity CPop
ensures #s = <x> * <s>
operation Depth_Of( preserves s: Stack
): Integer
requres capacity CDepthof
ensures Depth_Of = |s|
end Stack_Template
Figure 3.8 Unbounded Stack specification including storage constraints

7KH LPSOLFLW RSHUDWLRQ VZDS LV KDQGOHG LQ D JHQHULF ZD\ IRU DOO WKH SURJUDP W\SHV ,Q
5(62/9( WKH GDWDPRYHPHQW LV GRQH E\ VZDSSLQJ WKH SRLQWHUV DQG IRU UHSUHVHQWLQJ D








CEnqueue= 2 * CReference +  CEntry_Overhead
CDequeue= 2 * CReference

























Figure. 3.9 Unbounded Queue Specification including storage







DEVHQFHRI FDSDFLW\ERXQGVUHODWHG HUURUV WKHUH LV DQREOLJDWLRQ EHIRUH HYHU\ RSHUDWLRQ FDOO
WKDWWKHWRWDOVWRUDJHXVHGVRIDUSOXVWKHVWRUDJHUHTXLUHGE\WKHUHTXLUHVFDSDFLW\FODXVHRIWKH
FDOOHG RSHUDWLRQ LV OHVV WKDQ 0D[B&DSDFLW\ 7R FRPSXWH WKH WRWDO VWRUDJH XVHG VR IDU D





SURFHGXUH 5HDVRQLQJ DERXW WKH VWRUDJH DVSHFWV RI WKH 5HYHUVH RSHUDWLRQ LV GRQH LQ WKH
IROORZLQJSDUDJUDSKVXWLOL]LQJWKHVHVSHFLILFDWLRQV
,QWKHSURFHVVRI UHDVRQLQJDERXWWKH5HYHUVHSURFHGXUHERG\ZHDVVXPHWKDW WKH UHTXLUHV
FDSDFLW\FODXVHLVWUXHDQGSURFHHGWRSURYHWKDWWKHWRWDOUHTXLUHPHQWIRUWKHVWRUDJHDWHDFK
SRLQWRIWKHSURJUDPLVOHVVWKDQWKH0D[B&DSDFLW\7RUHSUHVHQWWKHWRWDOUHTXLUHPHQWRIWKH










































operation Dequeue(alters    q : Queue produces  x : Entry)
              requires capacity CDequeue
requires  |q| > 0
               ensures   #q = <x> * q





operation Push( alters s: Stack,consumes x: Entry)
          requires capacity CPush







 _T_!  T T
 V [V























operation Pop(alters s: Stack, produces x: Entry)
requires |s|  > 0
requires capacity C3RS
ensures #s = x*s






operation Enqueue(alters    q : Queue consumes x : Entry)
  requires capacity CEnqueue
  ensures   q = #q * <#x>













) ΣCF <= Max_Capacity






⇒&T,&6WDFN  &(QWU\  0D[B&DSDFLW\ " IURP IDFW  LQ
VWDWH,
⇒Σ&,&6WDFN&(QWU\ 0D[B&DSDFLW\ LVWUXHIURPIDFW LQ
VWDWH,
 ∑&0&Lengthof  0D[B&DSDFLW\"
⇒&T&V&[&Lengthof  0D[B&DSDFLW\"
⇒ C(qI) + CStack  + CEntry + CLengthof <= Max_Capacity (?) from fact 3 in
state 0
Since , CLengthof <= MAX&3XVK&3RS&'HTXHXH
&(QTXHXH&'HSWKRI&/HQJWKRIDQG




 ⇒ CStack + |s|*CEntry_Overhead + ∑L [C(x), where
IS_ENTRY_OF(s,x) &4XHXH_T_&(QWU\B2YHUKHDG∑L [&[




∑L [C(x), where IS_ENTRY_OF(s1,x)   ∑L \&\ ZKHUH
,6B(/0(17B2)T\&[&'HTXHXH 0D[B&DSDFLW\"
IURPIDFWLQVWDWH
∑L [C(x), where IS_ENTRY_OF(s1,x)   ∑L \&\ ZKHUH
,6B(/0(17B2)T\ ⇒ ∑L ]&] ZKHUH
,6B(/0(17B2)T]IURPIDFWLQVWDWH
⇒ Cstack&TXHXH+ |s|*CEntry_overhead_T_&(QWU\BRYHUKHDG





















⇒&T&V&3XVK  &T&V0$;&3XVK &3RS 
&'HTXHXH&(QTXHXH&'HSWKRI&/HQJWKRI
)URPVWDWHVWRUDJHREOLJDWLRQ
&T &V  &[  0$;&3XVK  &3RS  &'HTXHXH  &(QTXHXH 
&'HSWKRI&/HQJWKRI 0D[B&DSDFLW\
⇒&T&V &[&3XVK 0D[B&DSDFLW\LVWUXH
Figure 3.12 Proof Table for the Storage Obligations
3.3 Verification of Recursive Procedures
,QWKHFDVHRIUHFXUVLYHSURFHGXUHVWKHUXQWLPHFDOOVWDFNGHSWKGHSHQGVRQWKHVL]HRI WKH
LQSXW ,Q WKLV FDVH DQG LQ JHQHUDO WKH FDSDFLW\ UHTXLUHG E\ D VSHFLILFDWLRQ PD\ QRW EH D
FRQVWDQW7KH FDSDFLW\ FRQVWUDLQWV IRU VXFK FDVH LH UHFXUVLYH LPSOHPHQWDWLRQ DUH JLYHQ LQ
)LJXUH)LJXUHSUHVHQWVDQLPSOHPHQWDWLRQRIWKH5HYHUVHRSHUDWLRQ7RYDOLGDWHWKDW
WKH LPSOHPHQWDWLRQ LV FRUUHFW ZLWK UHVSHFW WR LWV VWRUDJH FRQVWUDLQWV ZH FDQ YHULI\ WKLV
SURFHGXUHDVVKRZQLQ)LJXUHXVLQJWKHIDFWREOLJDWLRQWDEOHLQ)LJXUH

relization body Recursive for Reverse_Capability

















UHTXLUHVFDSDFLW\=|q| *  (CEntry + MAX(CLength_Of , CDequeue , CEnqueue))
 HQVXUHVT T5
HQG5HYHUVHB&DSDELOLW\








,  1. Σ i=x  C(x), where
IS_ENTRY_OF(qI,x) +  |qI|
*  (C(Entry) +
MAX(CLength_Of  , CDequeue ,
CEnqueue)) <= Max_Capaity





  T T,
 Σ&, 
0D[B&DSDFLW\
ΣC0 + CLength_Of <=
Max_Capacity"
If Length_Of(q) > 0 then




_T_!" ΣC1 + CDequeue <=
Max_Capacity"
Dequeue(q,temp)




TLVGHFUHDVLQJ" ΣC2  +  |q2| *  (CEntry +









ΣC3 + CEnqueue <=
Max_Capacity"
Enqueue(q,temp)
 _T_!  Σ& 
0D[B&DSDFLW\
 T TWHPS
ΣC4  <= Max_Capacity"
End if
) ΣCF  <= Max_Capacity"
Figure 3.15 Facts and Obligations Table for Recursive Reverse Implementation

6WDWH 3URRI








⇒ WUXHVLQFHT TWHPS WHPSDQGIURPWKHIDFWLQVWDWH
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  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Figure 3.16 Proof Table for Recursive Implementation of Reverse

3.4 Storage Specification of Layered Components
,QWKLVVHFWLRQVWRUDJHVSHFLILFDWLRQRIEXLOWLQW\SHVDQGXVHUGHILQHGW\SHVDUHGLVFXVVHG
3.4.1 Storage Specification of Built-In types
The storage specification and verification question discussed in this chapter is based on
the availability of storage requirements for every object type. For built-in types, such as
integer, float, or pointers the capacity requirements are fixed and they are assumed to be
known statically. For built-in composite types, such as records, the capacity requirements
include some overhead plus capacity for members of the type. The capacity used by a







type Static_Array is modeled by function from integer to Entry
exemplar s
uses capacity Csa + Σ i=s.l_bd s.u_bd C(S(i)) + (s.u_bd – s.l_bd + 1) *
CEntry_Overhead
type Record is modeled by  (f1: Entry1, f2:Entry2)
exemplar r







3.4.2 Relationship between Base Types and ADTs
,QDQ\SURJUDPPLQJ V\VWHPDQ\XVHUGHILQHG W\SHFDQEHYLHZHGDVDQDJJUHJDWLRQRIEDVH
W\SHV LQ WKDW V\VWHP2QFH WKH FDSDFLW\ UHTXLUHPHQWV RI EDVH W\SHV DUH JLYHQ WKH GHULYLQJ
UHTXLUHPHQWV IRU$'7V LPSOHPHQWHGGLUHFWO\XVLQJEDVH W\SH LV VWUDLJKWIRUZDUG)LJXUH
FRQWDLQV D VLPSOH H[DPSOH ,W VKRZV WKH FDSDFLW\ XVDJH IRU D W\SLFDO ´OLQNHG OLVWµ
LPSOHPHQWDWLRQJLYHQLQ$SSHQGL[%RIWKH/LVW$'7)LJXUHSUHVHQWVDVWDFNRIIORDWV
LPSOHPHQWHGEDVHGRQD/LVWFRQFHSW7KHWRWDOVWRUDJHWDNHQXSE\WKH/LVWRILQWHJHUVLQWKLV



















W\SH(QWU\&[GHILQHV WKHVWRUDJH UHTXLUHGE\WKH[DW WKDWSRLQWRI WKHSURJUDP)RU WKH
VSHFLILFH[DPSOHLQ)LJXUHLILQWHJHUDQGSRLQWHUVL]HVDUHE\WHVHDFKWKHQWKHOLVWVL]H
FDQEHFDOFXODWHGWREH E\WHV
3.4.3 Storage Specification of Layered Objects
:H FRQFOXGH WKLV VHFWLRQ E\ H[SODLQLQJ KRZ FDSDFLW\ UHTXLUHPHQWV FDQ EH FDOFXODWHG IRU
REMHFWVOD\HUHGXVLQJRWKHUREMHFWV'HYHORSPHQWRIVXFKOD\HUHGREMHFWVLVDFRPPRQSUDFWLFH
LQVRIWZDUHGHYHORSPHQWDQGWKXVLWLVHVVHQWLDOIRUWKHSURSRVHGIUDPHZRUNWREHXVHIXO LQ
WKH FDVH RI OD\HUHG FRPSRQHQWV 7R LOOXVWUDWH WKHVH LVVXHV ZH SUHVHQW DQ H[DPSOH RI 6WDFN
LPSOHPHQWHGXVLQJD/LVW)LJXUHSUHVHQWVDVWDFNUHDOL]DWLRQEDVHGRQ/LVW WHPSODWH ,Q
ILJXUHWKHW\SH6WDFNLVUHSUHVHQWHGDVD/LVW7RHQDEOHWKLVDIDFLOLW\IRUD/LVWRI W\SH
(QWU\ LV GHFODUHG LQ WKH ORFDO FRQWH[W $ORQJ ZLWK WKH UHSUHVHQWDWLRQ D PRGXOH OHYHO
FRUUHVSRQGHQFHDVVHUWLRQ LVJLYHQ7RVKRZWKDW WKHUHDOL]DWLRQ LVEHKDYLRUDOO\FRUUHFW LW LV
HVVHQWLDOWRVKRZWKDWWKHFRUUHVSRQGHQFHLV´ZHOOIRUPHGµLHWKHUHLVDQDEVWUDFWYDOXHIRU
HDFK UHSUHVHQWDWLRQ YDOXH DOORZHG E\ WKH H[HPSODU DQG WKDW WKH FRGH IRU HDFK SURFHGXUH








for all s.rep:  math [List],
s.rep.left = empty_string









WR WKH LQVHUWRSHUDWLRQRI/LVW7KLV LPSOLHV WKDW WKH WUDQVLHQW VWRUDJH UHTXLUHG IRU WKHSXVK








realization Pointer_Based for List_Template
local context
facility LF is List_Template(Entry)
realized by Pointer_Based
interface
type stack is represented by List



























:H FRQFOXGH WKLV FKDSWHU ZLWK D GLVFXVVLRQ RI WKH VRXQGQHVV DQG FRPSOHWHQHVV RI WKH
SURSRVHGVWRUDJHVSHFLILFDWLRQDQGYHULILFDWLRQ V\VWHP$IRUPDO V\VWHPKDV WREH VRXQG DQG
UHODWLYHO\FRPSOHWHWREHXVHIXO6RXQGQHVVRIDYHULILFDWLRQV\VWHPFDQEHGHILQHGDV
∼∃ $VVHUWLYH &RGH9HULILFDWLRQ6\VWHP$VVHUWLYH &RGH   WUXH Λ $VVHUWLYH &RGH ≠
FRUUHFW
ZKHUH$VVHUWLYH&RGHLVDSURJUDPZLWKVSHFLILFDWLRQ
,QRWKHUZRUGV DYHULILFDWLRQ V\VWHP LVQRW VRXQG LI WKHUHH[LVWV DQ DVVHUWLYH FRGHZKLFK LV
IDOVHDQG WKHYHULILFDWLRQ V\VWHPSURYHV LW WREH WUXH$VD FKDUDFWHULVWLFRI IRUPDO V\VWHPV
FRPSOHWHQHVVLVWKHGXDORIVRXQGQHVV>@$FRPSOHWHV\VWHPGRHVQRWKDYHWRRIHZIRUPDO
WKHRUHPVDVRXQGV\VWHPGRHVQRWKDYHWRRPDQ\%HFDXVHRIWKHLQKHUHQWLQFRPSOHWHQHVVRI
QXPEHU WKHRU\ D QRWLRQ RI ¶UHODWLYH FRPSOHWHQHVV· LV DGRSWHG IRU WKH IRUPDO V\VWHPV RI
SURJUDPYHULILFDWLRQ,QRWKHUZRUGVWKHIRUPDOV\VWHPLVFRPSOHWHZLWKUHVSHFWWRWKHWUXWK




∀$VVHUWLYH &RGH $VVHUWLYH &RGH   FRUUHFW⇒ 9HULILFDWLRQ 6\VWHP$VVHUWLYH &RGH  
WUXH




WKHQ WKH FRUUHFWQHVV FRQMHFWXUH IRU WKH RULJLQDO SURJUDP DQG VSHFLILFDWLRQ LV DOVR WUXH 7KH
WUDQVIRUPDWLRQ UXOHV DOVR FDOOHG SURRI UXOHV DUH VSHFLILHG DQG SURYHG WR EH VRXQG DQG







V\VWHP 7R DYRLG WKH VWDWH H[SORVLRQ DQG WR NHHS WKH YHULILFDWLRQ V\VWHPPRGXODU VWRUDJH
VSHFLILFDWLRQ RI REMHFWV DQG RSHUDWLRQV DUH XVHG WKLV PDNHV LW SRVVLEOH WR LJQRUH WUDQVLHQW
REMHFWVDQGVWDWHWUDQVLWLRQVWKDWDULVHZKHQDQRSHUDWLRQLVFDOOHG%HIRUHDSURFHGXUHFDOO3LQ
WKH VWDWH L WKH VWRUDJH YHULILFDWLRQ REOLJDWLRQ VLPSOLILHV WR VKRZLQJ ∑&L  &S  
0D[B&DSDFLW\ZKHUH&SGHQRWHVWKH WUDQVLHQWFDSDFLW\ UHTXLUHGE\3%HIRUHD VHTXHQFHRI











WKH REOLJDWLRQ ∑&L    0D[B&DSDFLW\ DQG ∑&M    0D[B&DSDFLW\ DQG ∑&N   
0D[B&DSDFLW\DQG ∑&O  0D[B&DSDFLW\ QHHGV WR EH SURYHQ 6RXQGQHVV RI WKH UXOHV
GHVFULEHGDERYHGLUHFWO\IROORZVIURPWKHGLVFXVVLRQLQ>@:KLOHVRXQGQHVVLVHVVHQWLDOIRU
DOO SURRI V\VWHPV UHODWLYH FRPSOHWHQHVV LV LPSRUWDQW IRU LW LPSOLHV WLJKWQHVV RQ WKH VWRUDJH
ERXQGV5HODWLYHFRPSOHWHQHVVZLWKUHVSHFWWRSHUIRUPDQFHLPSOLHVWKHDELOLW\RIWKHV\VWHPWR









RIDFRQFHSW WKHERXQGVRQVWRUDJHFDQQRWEHEDVHGRQSUHFLVHYDOXHV)RUH[DPSOH LQ WKH
5HYHUVH H[DPSOH WKH FRQVWDQWV LQ WKH UHTXLUHV FDSDFLW\ FODXVH &_T_  &  KDYH WR EH ELJ
HQRXJK WR FRYHU ERWK LWHUDWLYH DQG UHFXUVLYH LPSOHPHQWDWLRQV 6LPLODUO\ WKH VWRUDJH
UHTXLUHPHQWV FDQ EH VSHFLILHG DW YDULRXV OHYHOV RI SUHFLVLRQ ,W LV DSSDUHQW WKDW WKH DEVWUDFW
VSHFLILFDWLRQ PHFKDQLVP SURSRVHG PD\ QRW DOZD\V SURYLGH WKH SUHFLVLRQ UHTXLUHG IRU WUXH
PLVVLRQFULWLFDOV\VWHPV,QVXFKV\VWHPVSUHFLVHVSHFLILFDWLRQEDVHGRQLQWHUPHGLDWHOHYHOVRI




& K D S W H U  
,17(50(',$7(/(9(/62)$%675$&7,21)256725$*(&21675$,17
63(&,),&$7,21
7KH VWRUDJH VSHFLILFDWLRQ H[DPSOHV GLVFXVVHG LQ WKLV GLVVHUWDWLRQ KDYH FRQVLGHUDWLRQV RQ
VSHFLILFDWLRQ RI VWRUDJH FRQVWUDLQWV DW WKH VDPH OHYHO RI DEVWUDFWLRQ DV WKH EHKDYLRUDO
VSHFLILFDWLRQ+RZHYHUVSHFLILFDWLRQRIVWRUDJHERXQGVDORQJZLWKWKHIXQFWLRQDOVSHFLILFDWLRQ
ZLWKRXW DQ\ LPSOHPHQWDWLRQ ELDV LQ JHQHUDO PD\ QRW SURYLGH WKH QHFHVVDU\ SUHFLVHQHVV
UHTXLUHGE\PDQ\SUDFWLFDOV\VWHPV7KHIRFXVRIWKLVFKDSWHULVWRH[SODLQWKLVSUREOHPDQG
SURYLGHDIUDPHZRUNIRUH[SUHVVLQJWLJKWERXQGVRQVWRUDJHFRQVWUDLQWV
)RU D JLYHQ EHKDYLRUDO VSHFLILFDWLRQ RI D FRQFHSW LQ JHQHUDO WKHUH DUH DOWHUQDWLYH
LPSOHPHQWDWLRQV WKDW GLIIHU LQ WKHLU SHUIRUPDQFH FKDUDFWHULVWLFV *LYHQ D IXQFWLRQDO
VSHFLILFDWLRQ LW LV QRW SRVVLEOH WR FRPH XS ZLWK RQH LPSOHPHQWDWLRQ WKDW VDWLVILHV DOO
SHUIRUPDQFH UHTXLUHPHQWV 'LIIHUHQW LPSOHPHQWDWLRQV SURYLGH GLIIHUHQW WUDGHRIIV LQ WKHLU
SHUIRUPDQFHFKDUDFWHULVWLFV7UDGHRIIVEHWZHHQWKHH[HFXWLRQWLPHVRUDYHUDJHDQGZRUVWFDVH




UHTXLUH WKH EHKDYLRUDO UHYHULILFDWLRQ RI WKH FOLHQW SURJUDP EXW RQO\ QHHG UHYHULILFDWLRQ RI
FOLHQWSHUIRUPDQFH
8VHUQHHGIRULPSOHPHQWDWLRQVVDWLVI\LQJGLIIHUHQWVWRUDJHFRQVWUDLQWVFDQDULVHHLWKHUEHFDXVH
RIWKHVWRUDJH OLPLWDWLRQVRI WKHXQGHUO\LQJ V\VWHPVRUEHFDXVHRIRWKHUFRQVWUDLQWV VXFKDV
HIILFLHQF\RUSUHGLFWDELOLW\7RSLFNVXLWDEOHLPSOHPHQWDWLRQVXVHUVZLOOQHHGWRFRPSDUHWKH
VWRUDJHUHTXLUHPHQWVRIGLIIHUHQWLPSOHPHQWDWLRQVRIDFRQFHSW%XWZKDWOHYHORISUHFLVLRQLV
QHHGHG LQ VWRUDJH VSHFLILFDWLRQ IRU FOLHQWV WR EH DEOH WR PDNH WKLV FKRLFH" 7KLV OHYHO RI
SUHFLVLRQ LV WKH WRSLF RI WKLV FKDSWHU ,Q JHQHUDO LW LV SRVVLEOH WR VSHFLI\ XSSHU ERXQGV RQ
VWRUDJH UHTXLUHPHQWV IRU DQ DOWHUQDWLYH LPSOHPHQWDWLRQ RI D IXQFWLRQDO VSHFLILFDWLRQ DW WKH
















WR ILQG PLQLPXP DQG PD[LPXP YDOXHV RI D JLYHQ VHW RI W\SH (QWU\ 7KLV FRQFHSW LV
SDUDPHWHUL]HG E\ W\SH (QWU\ ,W LV DOVR SDUDPHWHUL]HG E\ D PDWKHPDWLFDO GHILQLWLRQ 5 WR
FRPSDUHWZRHQWULHV$WWKHWLPHRI LQVWDQWLDWLRQRI WKLVFRQFHSW LQDGGLWLRQ WR WKHDFWXDO
W\SHIRU(QWU\WKHFOLHQWVKRXOGDOVRVXSSO\DPDWKGHILQLWLRQWKDWLVDWRWDOSUHRUGHULQJRQ
W\SH(QWU\7KH$'70LQ0D[LVPDWKHPDWLFDOO\PRGHOHGE\DWXSOHPLQPD[YDOLG!0LQ
DEGPD[ UHSUHVHQW WKH PLQLPXP DQG PD[LPXP YDOXHV RI W\SH (QWU\ IRU D JLYHQ VHW RI
LQSXWV9DOLG LV D IODJ WKDW LQGLFDWHVZKHWKHU WKHUH DUH DQ\ YDOLGPLQLPXP DQGPD[LPXP
YDOXHV ,QLWLDOO\ WKHYDOXHRI D YDOLG IODJ LV IDOVHEHFDXVHQRYDOXHVKDYHEHHQ \HW LQVHUWHG
7KHILUVWFDOOWRWKH,QVHUWRSHUDWLRQHQVXUHVWKDWWKHYDOLGIODJFKDQJHVWRWUXH:KHQDOOWKH
YDOXHV KDYH EHHQ LQVHUWHG WKH PLQLPXP DQG PD[LPXP YDOXHV FDQ EH IRXQG E\ FDOOLQJ
RSHUDWLRQV*HWB0LQDQG*HWB0D[7RGHYHORSDQ\LPSOHPHQWDWLRQRI0LQ0D[B7HPSODWHD
SURJUDP VSHFLILFDWLRQ WR FRPSDUH WZR HQWULHV LV QHHGHG7KLV RSHUDWLRQZLOO EH  FDOOHG WR
FRPSDUH 0LQ DQG 0D[ HQWU\ YDOXHV LQ WKH LPSOHPHQWDWLRQ 7KLV UHSUHVHQWDWLRQ IRU D
SDUWLFXODU(QWU\ W\SHPXVWEH VXSSOLHG DW LQVWDQWLDWLRQ WLPH'LIIHUHQW LPSOHPHQWDWLRQV RI





DOWHUQDWLYH LPSOHPHQWDWLRQ RQH WKDW LV OD\HUHG XVLQJ 3ULRULWL]HUB7HPSODWH ZRXOG VWRUH DOO
LQSXW(QWU\YDOXHVDQGFRPSXWH0LQDQG0D[YDOXHVRQO\ZKHQQHHGHG&OHDUO\WKHVWRUDJH
XVHG E\ WKHVH LPSOHPHQWDWLRQV DUH ZLGHO\ GLIIHUHQW 7R H[SUHVV WKLV QRQIXQFWLRQDO
UHTXLUHPHQWVIRUDSDUWLFXODUFODVVRILPSOHPHQWDWLRQVLPSOHPHQWDWLRQVSHFLILFLQIRUPDWLRQ









 math operation R(x,y : Entry) : boolean
implicit definition
        for all x,y: Entry
          (R(x,y) and R(y,z) ⇒ R(x,z)) and
          (R(x,y) or R(y,x)))
interface





ensures m.valid = False
opeartion Insert( alters m: MinMax,
consumes x: Entry)
ensures if not (m.valid)
m.min = x and m.max = x and valid = true
else
 if R(x,m.min) then m.min = x and
 if R(m.max,x) then m.max = x
opeartion Get_Min( preserves m:MinMax,
produces min: Entry)
reuires m.valid
ensures min = m.min
opeartion Get_Max( preserves m:MinMax,
produces max: Entry)
reuires m.valid
ensures min = m.max
opeartion Is_Valid( preserves m:MinMax): Boolean
ensures isMinValid = m.valid
  end MinMax_Template
Figure 4. 2 MinMax_Template Specification


7KH VWRUDJH VSHFLILFDWLRQ IRU D IUXJDO LPSOHPHQWDWLRQ RI0LQ0D[B7HPSODWH LV JLYHQ LQ WKH
LQWHUIDFHVHFWLRQLQILJXUH+HUHWKHVWRUDJHUHTXLUHGE\DQREMHFWRI WKHW\SH LVJLYHQDV
&0LQB0D[ &0LQ &0D[  &ERROHDQ  7KH FRUUHVSRQGLQJ LPSOHPHQWDWLRQ XVHV D WKUHH
realization header Frugal for MinMax_Template
context
parametric context
operation Are_In_Order (preserves x: Entry
preserves y: Entry
): Boolean
ensures Min iff (MIN(x,y))
local context
CInsert = 2*C Reference
CGet_Min = 2*C Reference
CGet_Max = 2*C Reference
CIs_Valid= 2*C Reference
interface




uses capacity  CMinMax + C(m.min) + C(m.max) + Cboolean
initialization
requires capacity CMinMax + 2* CEntry +  Cboolean












opeartion Is_Valid(  preserves m:MinMax): Boolean
requires capacity CIs_Valid
end Frugal









W\SH (QWU\ DW LQVWDQWLDWLRQ WLPH FDQ VXSSO\ WKH RUGHULQJ RSHUDWLRQ WRR 7KH V\QWD[ DQG
VHPDQWLFVRIWKHRSHUDWLRQVXSSOLHGE\WKHFOLHQWKDYHWRPDWFKWKHVSHFLILFDWLRQJLYHQLQWKH
SDUDPHWULFFRQWH[WRIWKHKHDGHU,QWKHLQWHUIDFHVHFWLRQRIWKLVUHDOL]DWLRQKHDGHUWKHVWRUDJH
FRQVWUDLQWV RI HDFK RSHUDWLRQ DUH VSHFLILHG 6SHFLILFDWLRQ RI VWRUDJH FRQVWUDLQWV LQ WKH
UHDOL]DWLRQ KHDGHU DOORZV VHSDUDWLQJ LPSOHPHQWDWLRQGHSHQGHQW DVSHFWV IURP WKH EHKDYLRUDO
VSHFLILFDWLRQ
)LJXUHFRQWDLQVDQDOWHUQDWH´3URIOLJDWHµUHDOL]DWLRQKHDGHU,PSOHPHQWDWLRQVEDVHGRQWKLV
KHDGHU UHWDLQ DOO WKH LQSXW YDOXHV WKDW DUH LQVHUWHG $Q LPSOHPHQWDWLRQ OD\HUHG XVLQJ
3ULRULWL]HUB7HPSODWH IDOOV XQGHU WKLV FODVV 6XFK DQ LPSOHPHQWDWLRQ LVPXFK HDVLHU WRZULWH
EHFDXVH WKH FRGH IRU LQVHUW PHUHO\ FDOOV WKH 3ULRULWL]HU ,QVHUW RSHUDWLRQ *HWB0LQ DQG






















:H FRQFOXGH WKLV VHFWLRQ E\ SUHVHQWLQJ D PRUH FRPSOH[ EXW PRUH UHDOLVWLF H[DPSOH RI
0LQLPXP 6SDQQLQJ )RUHVW 06) DEVWUDFWLRQ>@ 7KH VSHFLILFDWLRQ RI WKH06) FRQFHSW LV





RQHRI WKH SRVVLEO\PDQ\06)V RI WKDW JUDSK7KH LQWHUIDFHRI WKLV FRQFHSW SURYLGHV WKH
IROORZLQJRSHUDWLRQVZKHUHPUHSUHVHQWVWKH06)PDFKLQH




• &KDQJHB7RB([WUDFWLRQB3KDVHP SUHSDUH P IRU FDOOV WR WKH ([WUDFW RSHUDWLRQ 7KLV
RSHUDWLRQUHTXLUHVWKDWPEHLQWKHLQVHUWLRQSKDVHDWWKHWLPHRIWKHFDOO








2QH RI WKHP LV EDVHG RQ*UHHG\ DOJRULWKPV LQ ZKLFK RQO\ WKH06) LV UHWDLQHG GXULQJ WKH
LQVHUWLRQ SKDVH $OO WKH RWKHU HGJHV WKDW DUH QRW SDUW RI WKH 06) ZLOO EH GLVFDUGHG 7KLV




GLFWDWHG E\ WKH LPSOHPHQWDWLRQV7KH 6+$5(B$1B06)JJ SUHGLFDWHPDNHV LW SRVVLEOH
QRWVSHFLILFDOO\VD\WRVWRUHMXVW06)RUWKHHQWLUHJUDSK,QFOXGLQJVWRUDJHVSHFLILFDWLRQDORQJ
ZLWK WKH EHKDYLRUDO VSHFLILFDWLRQ LV QRW DSSURSULDWH LQ WKLV FDVH WRR DV GLIIHUHQW
LPSOHPHQWDWLRQVQHHGGLIIHUHQWVWRUDJH$OVRGHSHQGLQJRQWKHLPSOHPHQWDWLRQVFKHPH WKH
PRGHOUHSUHVHQWHG LQWKHFRQFHSWPD\QRWEHVXLWDEOH WRFRQFHSWXDOL]HWKHVWRUDJHUHTXLUHG




realization header Profligate for MinMax_Template
context
parametric context
operation Are_In_Order (preserves x: Entry
preserves y: Entry
): Boolean
ensures Min iff (MIN(x,y))
local context
math operation MIN (s : set of Entry ): Entry
ristriction |s| > 0
     explicit definition
if(|s| =1) MIN(s) = (x: Entry∈ s)
else MIN(s) = ( x :Entry ∈ s and ∀y:Entry, y≠x and
y ∈ s and MIN(x,y))
math operation Max (s : set of Entry): Entry
restriction |s| > 0
     explicit definition
if(|s| =1) MAX(s)= (x: Entry∈ s)
else Max(s) = ( x :Entry ∈ s and ∀y:Entry, y≠x and
y ∈ s and MAX(x,y))
CInsert = 2*C Reference
CGet_Min = 2*C Reference
CGet_Max = 2*C Reference
CIs_Valid= 2*C Reference
interface
type MinMax is modeled by finite set of Entry
exemplar s
initialization
ensures s = empty_set
uses capacity CMinMax  +  ∑x:Entry C(x), where x∈ s
correspondence if( |s| =0) m.valid = false
else m.valid = true and
m.valid ⇒m.min = MIN(s) and
   m.max = MAX(s)
 (continued on the next page)


opeartion Insert( alters m: MinMax,
 consumes x: Entry
)
requires capacity Cinsert
ensures  m = #m union {#x}









opeartion Is_Valid( preserves m:MinMax ): Boolean
requires capacity CIs_Valid
ensures isValid = if(|m|) true else false
end Profligate










restriction max_vertex > 0
constant max_edges: Integer
restriction max_edges > 0
local context





constraint 1 <= e.v1 <= max_vertex and
1 <= e.v2 <= max_vertex and
e.w > 0
math subtype  GRAPH is finite set of EDGE
math operation IS_MSF( msf: GRAPH
g: GRAPH
): boolean
definition (* true iff msf is an MSF of g *)
math operation SHARE_AN_MSF(g1: GRAPH
g2: GRAPH
): boolean








uses capcity CSFM + ∑ C(x), where x: GRAPH ∈ m.edges + C(boolean)
initialization
requires capacity CSFM  + C(boolean)
ensures m.edges = empty_set and
m.insertion_phase







ensures m.edges = empty_set and
m.insertion_phase





requires |m.edges| < max_edges and
m.insertion_phase and
1 <= v1 <= max_vertex and
1 <= v2 <= max_vertex and
w > 0
ensures SHARE_AN_MSF (m.edges,
#m.edges union {(#v1,#v2,#w)}) and
m.insertion_phase
operation Change_To-Extraction_Phase(
alters m: Spanning_ Forest_Machine_State
)
requires m.insertion_phase
ensures  IS_MSF(m.edges,#m.edges) and
not m.insertion_phase





requires m.edges ≠ empty_set
ensures (v1,v2,w) is in #m.edges and
m.edges = #m.edges – {(v1,v2,w)} and
m.insertion_phase = #m.insertion_phase



























Figure 4. 5 A Frame work for interconnecting concepts, realization headers, and Realizations
operation Size( preserves m: Spanning_Forest_Machine_State
): Integer
ensures Size = |m.edges|
operation Is_In_Insertion_Phase(
preserves m: Spanning_ Forest_Machine_State
): Boolean
ensures Is_In_Insertion_Phase = m.isnertion_phase
end Spanning_Forest_Machine_Template




)UXJDO DQG 3URIOLJDWH UHDOL]DWLRQ KHDGHUVEDVHG LPSOHPHQWDWLRQV VDWLVI\ WKH 0LQ0D[ FRQFHSW
$Q DUURZ IURP D UHFWDQJOH WR D WRPEVWRQH UHSUHVHQWV WKDW WKH LPSOHPHQWDWLRQ VDWLVILHV WKH
FRQVWUDLQWV VHW E\ WKDW UHDOL]DWLRQ KHDGHU 7KH LQWURGXFWLRQ RI UHDOL]DWLRQ KHDGHUV EHWZHHQ
FRQFHSWV DQG LPSOHPHQWDWLRQV SURYLGHV DQ DGGLWLRQDO OHYHO RI IOH[LELOLW\ LQ VRIWZDUH
FRPSRVLWLRQ %HIRUH D FOLHQW FDQ XVH DPRGXOH LWV FRQFHSW KDV WR EH LQVWDQWLDWHGZLWK WKH
DSSURSULDWHUHDOL]DWLRQKHDGHUZLWKDUJXPHQWVWKDWFRUUHVSRQGWRWKHSDUDPHWHUVOLVWHGLQWKH
SDUDPHWULF FRQWH[W RI WKH FRQFHSW DQG WKH UHDOL]DWLRQ KHDGHU 7KH YHULILFDWLRQ RI WKH FOLHQW
FRGH GHSHQGV RQO\ RQ WKH FRQFHSWV DQG UHDOL]DWLRQ KHDGHUV XVHG E\ WKH FOLHQW )RU DFWXDO
H[HFXWLRQ WKHFOLHQWPXVW DOVRSLFND UHDOL]DWLRQ WKDWKDVEHHQSURYHQ WR VDWLVI\ WKHFKRVHQ





DFFRPPRGDWH VWRUDJH FRQVWUDLQWV 7KH FRQFHSWV KHDGHUV DQG FRQFHSWKHDGHU LQVWDQFHV
IDFLOLW\ GHFODUDWLRQV XVHG E\ WKH FRGH KDYH WR EH DGGHG WR WKH YHULILFDWLRQ FRQWH[W %HIRUH D
KHDGHU FDQ EH LQFOXGHG LQ WKH YHULILFDWLRQ FRQWH[W WKH FRUUHVSRQGLQJ FRQFHSWPXVW DOUHDG\
H[LVW LQWKDWFRQWH[W(QVXULQJWKHV\QWDFWLFFRPSDWLELOLW\RI WKHHOHPHQWV LQWKHKHDGHUZLWK
WKRVH LQ WKH FRQFHSW KDV WR EH GRQH E\ D FRPSLOHU ZKHUH DV HQVXULQJ WKH VHPDQWLF
FRPSDWLELOLW\RIWKHPDWKHPDWLFDODVVHUWLRQVDQGGHILQLWLRQVLQWKHFRQWH[WRIWKHKHDGHULVWKH
MRERIWKHYHULILFDWLRQV\VWHP,WLVWKLVVHPDQWLFYHULILFDWLRQWKDWLVFUXFLDOIRUWKHYHULILFDWLRQ
RI LQWHUPHGLDWHPRGHOV 7KH UHDOL]DWLRQ KHDGHU ZKHQ LW LQWURGXFHV DQ LQWHUPHGLDWH PRGHO
VKRXOGDOVR LQFOXGH VSHFLILFDWLRQVRIRSHUDWLRQVEDVHGRQ WKH LQWHUPHGLDWHPRGHO7RSURYH
WKDW WKH UHDOL]DWLRQ KHDGHU GRHV QRW YLRODWH WKH IXQFWLRQDOLW\ SUHVFULEHG E\ WKH FRQFHSW WKH
facility Fac is A_Concept(<arguments>)
for Realization_Header_1(<arguments>)
realized by Realization_That_Satisfies_A_Concept_and_Header_1



















FRQFHSWPDWK PRGHO LV UHSODFHG E\ WKH LQWHUPHGLDWH PDWK PRGHO 6LPLODUO\ WKH RWKHU WZR








SRVWFRQGLWLRQVRI WKH FDOOHG RSHUDWLRQ IRXQG LQ WKH KHDGHU:LWKRXW LQWHUPHGLDWH OHYHOV RI
DEVWUDFWLRQLWLVQRWSRVVLEOHWRVSHFLI\WLJKWERXQGV7KLVLVWKHSUREOHPLQWU\LQJWRVSHFLI\
ERWK IXQFWLRQDOLW\ DQG VWRUDJHUHODWHG DVSHFWV DW WKH VDPH OHYHO RI DEVWUDFWLRQ ,QWHUPHGLDWH
OHYHOV RI DEVWUDFWLRQ DGGUHVV WKH PRGXODULW\ DQG UHODWLYH FRPSOHWHQHVV TXHVWLRQV ,Q RWKHU


ZRUGV LW FDQEH VWDWHG WKDW WKHUH LV DOZD\V DQ DSSURSULDWHPRGHO IRU H[SUHVVLQJERXQGVRQ
VWRUDJHDVWLJKWLQDVGHVLUHG






WKDW EORFN DW DQ\ WLPH %RWK XVHUFRQWUROOHG DQG JDUEDJH FROOHFWLRQ VWRUDJH
PDQDJHPHQWPHFKDQLVPVKDYHWRVXSSRUW WKLVEDVLF WDVNZKLOH WKH\PD\GLIIHU
RQO\LQWKHSROLF\RQZKR·VUHVSRQVLELOLW\LWLVWRWDNHXSWKHWDVNRIGHDOORFDWLRQ
$W WKH ORZHU OHYHOV RI VWRUDJH PDQDJHPHQW WKH DOORFDWLRQ DQG GHDOORFDWLRQ
VWUDWHJLHV KDYH WR GHDO ZLWK WKH VDPH SUREOHPV RI HIILFLHQF\ SUHGLFWDELOLW\
IOH[LELOLW\DQG VWRUDJHXWLOL]DWLRQ IRUERWKRI WKHVH VFKHPHV ,Q WKLV FKDSWHUZH
SURSRVHDIRUPDOO\VSHFLILHGVWRUDJHPDQDJHPHQWPHFKDQLVPFDOOHG+LHUDUFKLFDO
6WRUDJH 0DQDJHU WKDW LV SUHGLFWDEOH HIILFLHQW DQG DOORZV HIIHFWLYH VWRUDJH
XWLOL]DWLRQ (YHU\ REMHFW ERWK EXLOWLQ DQG XVHUGHILQHG FODLPV DQG UHOHDVHV
VWRUDJH WKURXJK FDOOV WR WKLV FRQFHSW 6HFWLRQ  SUHVHQWV D WD[RQRP\ RI
DOORFDWRUV 6HFWLRQ  SUHVHQWV WKH NH\ FRQFHSWV RI WKH +LHUDUFKLFDO 6WRUDJH
0DQDJHU 6HFWLRQ  FRQWDLQV WKH IRUPDO VSHFLILFDWLRQ RI WKH VWRUDJHPDQDJHU
DORQJ ZLWK LWV H[SODQDWLRQ $QG VHFWLRQ  FRQWDLQV D GLVFXVVLRQ DERXW WKLV
VWRUDJHPDQDJHU
5.1 Taxonomy of Dynamic Storage Allocators
$OORFDWRUV FDQ EH FDWHJRUL]HG EDVHG RQ WKH PHFKDQLVPV WKH\ HPSOR\ IRU
PDQDJLQJ VWRUDJH 7KH PRVW LPSRUWDQW PHFKDQLVPV DUH 6HTXHQWLDO )LWV
























WKH OLVW7KHVH VPDOO IUHHEORFNVDFFXPXODWHDQG WKH VHDUFKPXVWJRSDVW WKHP
HDFK WLPH D ODUJHU EORFN LV UHTXHVWHG 7KHUH DUH VHYHUDO DOWHUQDWH VRSKLVWLFDWHG
LPSOHPHQWDWLRQSROLFLHVWR LPSURYHWKHSHUIRUPDQFHRIWKHILUVWILWPHFKDQLVP
RQHRUGHULQJ WKH EORFNV DIWHU WKH VSOLW VXFK DV DGGUHVVRUGHULQJ HWF$ ILUVW ILW
SROLF\PD\ WHQGRYHU WLPH WRZDUG EHKDYLQJ UDWKHU OLNH EHVW ILW EHFDXVH EORFNV




7KHQH[W ILW VWUDWHJ\ LV D FRPPRQ ¶RSWLPL]DWLRQ· RI WKH ILUVW ILW VWUDWHJ\ZLWK D
URYLQJSRLQWHU7KHSRLQWHUUHFRUGVWKHSRVLWLRQZKHUHWKHODVWVHDUFKZDVVDWLVILHG
DQGWKHQH[WVHDUFKEHJLQVIURPWKHUH6XFFHVVLYHVHDUFKHVF\FOHWKURXJKWKHIUHH
OLVW VR WKDW VHDUFKHV GR QRW DOZD\V EHJLQ LQ WKH VDPH SODFH DQG UHVXOW LQ DQ
DFFXPXODWLRQ RI VSOLQWHUV 7KH XVXDO UDWLRQDOH IRU WKLV LV WR GHFUHDVH DYHUDJH
VHDUFKWLPHVZKHQXVLQJDOLQHDUOLVWEXWWKLVLPSOHPHQWDWLRQWHFKQLTXHKDVPDMRU
HIIHFWVRQ WKHSROLF\ IRU VWRUDJH UHXVH6LQFH WKH URYLQJSRLQWHU F\FOHV WKURXJK
PHPRU\ UHJXODUO\ REMHFWV IURP GLIIHUHQW SKDVHV RI SURJUDP H[HFXWLRQ PD\









RQWR WKH IUHH OLVW IRU WKDW VL]H:KHQ D UHTXHVW LV VHUYLFHG WKH IUHH OLVW IRU WKH
DSSURSULDWHVL]HLVXVHGWRVDWLVI\WKHUHTXHVW7KHUHDUHVHYHUDOYDULDWLRQVRQWKLV
VWUDWHJ\
6LPSOH VHJUHJDWHG VWRUDJH GRHV QRW DOORZ VSOLWWLQJ RI IUHH EORFNV WR VDWLVI\
UHTXHVWVIRUVPDOOHUVL]HV:KHQDUHTXHVWIRUDJLYHQVL]HLVVHUYLFHGDQGWKHIUHH
OLVW IRU WKH DSSURSULDWH VL]H FODVV LV HPSW\PRUH VWRUDJH LV UHTXHVWHG IURP WKH
XQGHUO\LQJ RSHUDWLQJ V\VWHP W\SLFDOO\ RQH RU WZR YLUWXDO PHPRU\ SDJHV DUH







OLVW KROGV IUHH EORFNV RI GLIIHUHQW VL]HV ZLWKLQ D VL]H FODVV :KHQ VHUYLFLQJ D
UHTXHVW IRU D SDUWLFXODU VL]H WKH IUHH OLVW IRU WKH FRUUHVSRQGLQJ VL]H FODVV LV







ZKHUHREMHFWV DUH DOORFDWHGZKDW WKHLU DOORZDEOH VL]HV VKRXOGEHDQGKRZ WKH\
PD\EHFRDOHVFHGLQWRODUJHUIUHHDUHDV)RUHDFKDOORZDEOHVL]HDVHSDUDWHIUHHOLVW
LVPDLQWDLQHGLQDQDUUD\RIIUHHOLVWV$IUHHEORFNPD\RQO\EHPHUJHGZLWKLWV
EXGG\ZKLFK LV LWV XQLTXH QHLJKERU DW WKH VDPH OHYHO LQ WKH ELQDU\ KLHUDUFKLFDO
GLYLVLRQ7KHUHVXOWLQJIUHHEORFNLVWKHUHIRUDOZD\VRQHRIWKHIUHHDUHDVDWWKH
QH[W KLJKHU OHYHO LQ WKHPHPRU\GLYLVLRQ KLHUDUFK\DW DQ\ OHYHO WKH ILUVW EORFN

















,Q WKLV VWUDWHJ\ WKH FKDUDFWHULVWLFV RI LQWHUHVW DUH VWRUHG LQ DQ LQGH[HG GDWD
VWUXFWXUHWRDOORZHIILFLHQWVHDUFKLQJ7KHEHVWNQRZQH[DPSOHRIDQLQGH[HGILWV




WRWDOO\RUGHUHG WUHH ZLWK UHVSHFW WR WKH SULPDU\ NH\ :LWK UHVSHFW WR WKH
VHFRQGDU\ NH\ LW LV D ¶KHDS· GDWD VWUXFWXUH LH D SDUWLDOO\ RUGHUHG WUHH ZKRVH





VLPSOHYHFWRURIRQHELW IODJVZLWKRQHELWFRUUHVSRQGLQJ WRHDFKZRUGRI WKH
KHDS DUHD %LWPDSSHG DOORFDWRUV DUH FRPPRQO\ XVHG LQ JDUEDJH FROOHFWRUV
SDUWLFXODUO\ LQ PDUNVZHHS JDUEDJH FROOHFWRUV %LWPDSSHG DOORFDWRUV KDYH WZR
DGYDQWDJHV FRPSDUHG WR FRQYHQWLRQDO VFKHPHV 2QH LV WKDW WKH\ VXSSRUW





DUHD 7KLV PD\ EH H[SORLWDEOH WR LPSURYH WKH ORFDOLW\ RI VHDUFKLQJ LWVHOI DV
RSSRVHGWRWUDYHUVLQJOLVWVRUWUHHVHPEHGGHGLQWKHVWRUDJHEORFNVWKHPVHOYHV
5.2 A Hierarchical Storage Manager
2QH RI WKH IXQGDPHQWDO SUREOHPV ZLWK ILQGLQJ DQG XVLQJ VXLWDEOH VWRUDJH
DOORFDWRUV LV WKDW SURJUDPPHU DZDUHQHVV DERXW WKH WUDGHRIIV LV OLPLWHG>@ $Q
LGHDOVWRUDJHVWUDWHJ\PHFKDQLVPZRXOGNHHSWUDFNRIZKLFKSDUWVRIWKHVWRUDJH
DUH LQXVHDQGZKLFKSDUWVDUH IUHHZLWK OLWWOHZDVWHGVSDFHDQGDOPRVWZLWKD
FRQVWDQWUHVSRQVHWLPHIRUHDFKUHTXHVW%XWPDQ\RI WKHPKDYHDGKRFVWRUDJH
PDQDJHPHQW VWUDWHJLHV EXLOW ZLWK KLGGHQ OLPLWDWLRQV 7KH +LHUDUFKLFDO 6WRUDJH
0DQDJHU+00DGGUHVVHVWKHVHLVVXHVE\SURYLGLQJDIRUPDOVSHFLILFDWLRQ





VRPH DSSOLFDWLRQ SURJUDPZLOO DOORFDWH DQG GHDOORFDWH EORFNV LQ VRPH IDVKLRQ
WKDWGHIHDWVWKHDOORFDWRU·VVWUDWHJ\DQGIRUFHVVHYHUHIUDJPHQWDWLRQ>@7KH
XQGHUO\LQJDVVXPSWLRQ LQ WKHVHDUJXPHQWV LV WKDW WKHVWRUDJH LVFRQVLGHUHGDVD
OLQHDU VWUXFWXUH ,Q WKLV YLHZRI VWRUDJH WKH HQWLUH VWRUDJH LV FRQVLGHUHG DV RQH
EORFNDWWKHEHJLQQLQJ7KLVLVHYLGHQWIURPWKHWD[RQRP\RIWKHDOORFDWRUVDQG









RIHDFKQRGH LQ WKHKLHUDUFKLFDO VWUXFWXUH7KH DSSDUHQWGLVDGYDQWDJHZLWK WKLV
DUUDQJHPHQW LV WKH DFFHVV WLPH RI D VWRUDJH HOHPHQW ZKLFK LV D ORJDULWKPLF
IXQFWLRQ RI WKH VWRUDJH VL]H 2Q WKH RWKHU KDQG WKLV PHFKDQLVP SURYLGHV
SUHGLFWDELOLW\IRUVDWLVI\LQJDUHTXHVWZLWKWXQDEOHVWRUDJHXWLOL]DWLRQ
/HWXVFRQVLGHUWKDWWKHUHDUH1QXPEHURIEORFNVLQWKHV\VWHP7KHEORFNVL]H
LV WXQDEOH DQG LW LV DSSOLFDWLRQGHSHQGHQW )RU LOOXVWUDWLRQ SXUSRVHV OHW XV VD\
HDFK EORFN KROGV (175,(6B3(5B%/2&. QXPEHU RI EDVLF VWRUDJH XQLWV RU
5()6B3(5B%/2&. QXPEHU RI UHIHUHQFHV 7KLV EDVLF VWRUDJH XQLW DJDLQ LV
LPSOHPHQWDWLRQGHSHQGHQW ,W FDQ EH HLWKHU LQ WHUPV RI E\WHV RU ZRUGV 7KH
0D[B&DSDFLW\LV1WLPHV(175,(6B3(5B%/2&.
7R DUUDQJH WKH VWRUDJH LQ DQ KLHUDUFKLFDOPDQQHU FHUWDLQ DPRXQW RI VWRUDJH LV







2YHUKHDG EORFNV QHHGHG WR
UHSUHVHQWU
2+B%/2&.6U if  NUM_BLOCKS(r) = 1
then OH_BLOCKS(r) = 0





:KHUH (175,(6B3(5B%/2&. LV WKH QXPEHU RI EDVLF VWRUDJH XQLWV SHU
EORFNV VXFK DV E\WHVZRUGV HWF DQG5()6B3(5B%/2&. LV WKH QXPEHU RI






























Figure 5. 1 Two Views of Storage


(a) req = 8
req <= Block_Size
(b) req = 11








block size = 8     num. of references = 8
overheadused
Figure 5. 2 Example Requests and the Resulting Hierarchies


5.3 Hierarchical Storage Manager Specification
)LJXUH  SUHVHQWV D IRUPDO VSHFLILFDWLRQ RI WKH+LHUDUFKLFDO 6WRUDJH0DQDJHU
+00FRQFHSW7KH FRQFHSW LV SDUDPHWHUL]HGE\ WKH WRWDO QXPEHU RI EORFNV
DQGHQWULHVSHUEORFN1XPEHURI UHIHUHQFHVSHUEORFN LVDFRQVWDQWGHILQHG LQ
WKH ORFDO FRQWH[W 1XPEHU RI UHIHUHQFHV SHU EORFN GHWHUPLQHV WKH QXPEHU RI
LQGLUHFWUHIHUHQFHVWKDWFDQEHKHOGLQDEORFN7KLVYDOXHLQIOXHQFHVWKHGHSWKRI
WKHWUHHDQGWKXVWKHDFFHVVWLPHRIHDFKEORFN,QDOORIWKHGLDJUDPVSUHVHQWHG
LQ WKLV FKDSWHU WKH QXPEHU RI UHIHUHQFHV DQG QXPEHU RI HQWULHV SHU EORFN DUH
DVVXPHGWREHHTXDO+00LVDFRPPXQDOFRQFHSWPDWKHPDWLFDOO\PRGHOHGE\D
WXSOHFRQWHQWVIXQFWLRQIURP,QWHJHUWR(QWU\VL]H,QWHJHU!7KHFRPPXQDO
OHYHO ERXQG IRU WKLV FRQFHSW LV WKH HQWLUH V\VWHP VWRUDJH LQ WHUPV RI WKH WRWDO
EORFNV LH 0D[B&DSDFLW\ ,Q HIIHFW WKHUH VKRXOG EH RQO\ RQH LQVWDQFH RI WKLV
FRQFHSWLQDSURJUDPPLQJV\VWHPDWUXQWLPH8QGHUWKHLQWHUIDFHVHFWLRQRIWKH
VSHFLILFDWLRQRIWKLVFRQFHSWDQXPEHURIPDWKHPDWLFDOGHILQLWLRQVDUHJLYHQ7KH




7KHUH DUH IRXU EDVLF RSHUDWLRQV ([WHQG 6KULQN 6ZDSB(QWU\ DQG
([WHQVLRQB/LPLW SURYLGHG E\ WKLV FRQFHSW ([WHQG LQFUHDVHV WKH VL]H RI WKH
LQVWDQFH RI WKLV IDFLOLW\ 7KLV LV DQDORJRXV WR DQ DOORFDWH RU QHZ RSHUDWLRQ RQ
&& EDVHG SURJUDPPLQJ V\VWHPV 7KH UHTXLUHV FODXVH RI WKLV RSHUDWLRQ
VSHFLILHVWKDWWKHUHPXVWEHWKHQHHGHGQXPEHURIVWRUDJHEORFNVDYDLODEOH7KH
GHILQLWLRQVRI$GGLWLRQDOO\B1HHGHGB%ORFNVDQG5HPB%ORFNVDUHXVHGLQWKHSUH
FRQGLWLRQ RI WKLV RSHUDWLRQ $GGLWLRQDOO\B1HHGHGB%ORFNV LV FRPSXWHG DV WKH
GLIIHUHQFH EHWZHHQ WKH 1HHGHGB%ORFNV IRU FXUUHQW VL]H SOXV WKH H[WHQVLRQ
UHTXHVWDQG1HHGHGB%ORFNV IRU WKHFXUUHQW VL]H ,QLWLDOO\ WKH VL]HRI WKHREMHFW
ZRXOGEH]HUR8VLQJ WKLVRSHUDWLRQ WKH UHTXLUHG VL]HRI WKHREMHFW FDQEH VHW


7KLV RSHUDWLRQ VSHFLILFDWLRQ DOVR KDV WKH UHTXLUHPHQW IRU FDSDFLW\ DQG LW LV D
FRQVWDQW LH&([WHQG7KHHQVXUHVFODXVHRI WKLVRSHUDWLRQPHUHO\VWDWHV WKDW WKH
QHZEORFNVDUHLQLWLDOL]HGWKHVL]HLVLQFUHDVHGDQGDOOWKHRWKHUEORFNVUHPDLQWKH
VDPH7KHRSHUDWLRQ6KULQN UHGXFHV WKH VL]HZKLFK LV DQDORJRXV WR IUHHRUGHOHWH
RSHUDWLRQV7KH6ZDSB(QWU\RSHUDWLRQLVWKHDFFHVVRSHUDWLRQ7KLVLVKRZHDFK
HOHPHQW RI WKLV VWRUDJH PDQDJHV LV DFFHVVHG 7KH HQVXUHV FODXVH VSHFLILHV WKH
HIIHFWV RI WKLV VZDS RSHUDWLRQ 7KH LQWHUHVWLQJ SDUW RI WKLV VSHFLILFDWLRQ LV WKH
GXUDWLRQZKLFKLVDORJDULWKPLFIXQFWLRQRIWKHVL]H7KLVLVDZRUVWFDVHDFFHVV
WLPH EXW WKLV DFFHVV WLPH FDQ EH SUHGHWHUPLQHG 7KHRUHWLFDOO\ DQ\ VLQJOH
LQVWDQFHLQDSURJUDPPLQJV\VWHPFDQJURZDVELJDVWKHHQWLUHSK\VLFDOVWRUDJH
DQG WKHZRUVW FDVH DFFHVV WLPH FDQ QRW EHPRUH WKDQ WKDW RI WKLV REMHFW 7KH
([WHQVLRQB/LPLWRSHUDWLRQFDQEHXVHGWRILQGRXWWKHPD[LPXPVL]HWRZKLFK
WKHFXUUHQWLQVWDQFHFDQJURZ
:KHQ DOO WKH FRPSRQHQWV LQ D SURJUDPPLQJ V\VWHP DUH UHDOL]HG EDVHG RQ WKH
+LHUDUFKLFDO6WRUDJH0DQDJHUDQGWKHUHLVRQO\RQHIDFLOLW\RIWKLVW\SHGHFODUHG
IRUWKHSURJUDPPLQJV\VWHPWKHQWKHUHVXOWLQJV\VWHPFDQDYDLO WKHEHQHILWVRI
PDQDJLQJ VWRUDJHDV DKLHUDUFKLFDO VWUXFWXUH ,Q WUDGLWLRQDO VWRUDJHRUJDQL]DWLRQ
HDFKHQWU\RIVWRUDJHLVDFFHVVHGE\DSK\VLFDODGGUHVVLPSRVHGE\WKHKDUGZDUH
+00 DEVWUDFWV WKLV YLHZ RI WKH VWRUDJH VR WKDW HDFK HQWU\ QHHG QRW EH
FRQVHFXWLYHEXWFDQEHDFFHVVHGXVLQJDQ LQGH[ LQWR WKHDEVWUDFWDUUD\FRQFHSW
WKDW LWSURYLGHV$V WKHSK\VLFDO OD\RXW LVRUJDQL]HG LQWRDKLHUDUFK\ WKHDFFHVV













 constraints Entries_Per_Block >= 1
constant Max_Total_Blocks: Integer
constraints Max_Total_Blocks >= 1
local context
constant Refs_Per_Block: Integer
constraints Refs_Per_Block >= 2
CExtend = 2* C Reference
CShrink = 2* C Reference
CSwap_Entry = 2* C Reference
CExtension_Limit = C Reference
interface





              exemplar h
uses capacity  CHMM + ∑i=0 i= size-1 C(contents(i)) + CInteger
    initialization
requires capacity CHMM + CInteger
ensures h.size = 0
 duration C_I
  finalization
ensures h.size = 0
 duration C_F
  definition Needed_Blocks(num_entries: integer): integer =
 Ceiling_Of((num_entries/Entries_Per_Block))
  inductive definition OH_Blocks(num_blocks: integer): integer is




definition Additionally_Needed_Blocks(prev, new: integer): integer =
Needed_Blocks(prev + new) +
OH_Blocks(Needed_Blocks(prev + new)) –
Needed_Blocks(prev) - OH_Blocks(Needed_Blocks(prev))
 definition Used_Blocks: integer =
∑i = 1  last_specimen_num (Needed_Blocks(HMM.Denote(i).size) +
OH_Blocks(HMM.Denote(i).size))
definition Rem_Blocks: integer = Max_Total_Blocks - Used_Blocks
 (continued on the next page)


operation Extend( alters h: HMM,
 preserves size: integer
)
requires capacity CExtend
requires Additionally_Needed_Blocks(a.size, size) <= Rem_Blocks and
size > 0
ensures a.size = #h.size + size and
for all i: integer, if 0 <= i < #h.size
then h.contents(i) = #h.contents
else if #h.size <= i < h.size
then Entry.Is_Initial(h.contents(i))
 duration C_E




requires 0 < size <= h.size
ensures h.size = #h.size - size and
for all i: integer, if 0 <= i < h.size
then h.contents(i) = #h.contents
 duration C_S





requires 0 <= index < h.size
ensures h.size = #h.size and
x = #h.contents(index) and h.contents(index) = #x and
for all i: integer, if 0 <= i < h.size and i/= index
then h.contents(i) = #h.contents
duration 1 + Needed_Blocks(size) log to the base of Refs_Per_Block
  operation Extension_Limit(preserves h: HMM): Integer
requires capacity CExtension_Limit











DQ DOPRVW FRQVWDQW DPRXQW RI WLPH ZKLFK LV WKH WLPH WR ILQG WKH UHTXLUHG
QXPEHU RI EORFNV IURP WKH LQWHUQDO IUHH OLVW %XW WKLV IOH[LELOLW\ UHVXOWV LQ D
ORJDULWKPLF LQFUHDVH LQWKHDFFHVVWLPH7KLV LVJLYHQ LQ WKHGXUDWLRQ FODXVH LQ WKH
VSHFLILFDWLRQRI6ZDSB(QWU\JLYHQLQ)LJXUH7KHZRUVWFDVHDFFHVVWLPHFDQ
EHFRPSXWHGEDVHGRQWKHVL]HRIWRWDODYDLODEOHVWRUDJHDQGLWZLOODOZD\VEHOHVV
WKDQ WKLVZRUVWFDVHEHKDYLRU7KLV VFKHPHDOVRRSWLPL]HV WKHXVDJHRI VWRUDJH
FRPSDUHGWRFRQYHQWLRQDOVWRUDJHPDQDJHPHQW
+00 LV SUHGLFWDEOH LQ WHUPV RI VSDFH )RU HYHU\ DOORFDWLRQ DQG GHDOORFDWLRQ
UHTXHVW WKH VSDFH UHTXLUHPHQWV FDQ EH GHWHUPLQHG EDVHG RQ LWV VSHFLILFDWLRQV






)LJXUH  SUHVHQWV D VFKHPDWLF YLHZ RI YDULRXV FRPSRQHQWV EXLOW RQ WRS RI
+00)RUH[DPSOHHDFKLQWHJHUZRXOGEHDVLQJOHEORFNZLWKRQHHQWU\EHLQJ
XVHG 7KH LQWHUQDO IUDJPHQWDWLRQ ZLWK  HQWULHV IRU HDFK EORFN LV 
'HFUHDVLQJ WKH VL]H RI HDFK EORFN FDQ UHGXFH WKLV LQWHUQDO IUDJPHQWDWLRQ )RU
H[DPSOH LIZHPDNHWKHVL]HRI,QWHJHUHQWULHVDQGWKHVL]HRI WKHEORFN LV
HQWULHV WKLV IUDJPHQWDWLRQ FDQ EH GUDPDWLFDOO\ UHGXFHG WR ]HUR 7KH RSWLPDO
XWLOL]DWLRQ GHSHQGV RQ WKH SURJUDPPLQJ V\VWHP DQG LWV GHILQLWLRQ RI SULPLWLYH








RI+00ZKLFKZRXOGJURZRU VKULQNRQGHPDQG  ,Q DOO RI WKHVH$'7V WKH
ZRUVW FDVH DFFHVV WLPH LV D ORJDULWKPLF IXQFWLRQ RI WKH VL]H RI WRWDO VWRUDJH LQ
QXPEHU RI EORFNV 8QOLNH FRQYHQWLRQDO VWRUDJH PDQDJHUV WKLV LV KLJKO\
SUHGLFWDEOHVRWKDWGXUDWLRQVSHFLILFDWLRQFDQEHGRQHRQVRIWZDUHFRPSRQHQWV
PRUH SUHFLVHO\ 7KH UHDO FRQWULEXWLRQ RI WKLV VWRUDJH PDQDJHU LV WKDW LW KDV D
VSHFLILFDWLRQRIEHKDYLRUVWRUDJHDQGGXUDWLRQ7KHVWRUDJHXWLOL]DWLRQDVSHFWRI






















Figure 5. 4 Example of Components Built on HMM

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:HVWDUWHGRXWVWDWLQJWKHLPSRUWDQFHRIVSHFLILFDWLRQDQGYHULILFDWLRQRIVWRUDJH
LQ FRPSRQHQW EDVHG VRIWZDUH GHYHORSPHQW ,Q &KDSWHU  ZH SUHVHQWHG WKH
DOWHUQDWH VWRUDJH VSHFLILFDWLRQ PHFKDQLVPV WKDW DUH FXUUHQWO\ LQ SUDFWLFH :H
GLVFXVVHGWKHDGYDQWDJHVDQGGLVDGYDQWDJHVRIWKHVHVFKHPHVLQWKLVFKDSWHU,Q
&KDSWHU  ZH SUHVHQWHG D VWRUDJH VSHFLILFDWLRQ PHFKDQLVP %DVHG RQ WKLV
PHFKDQLVP ZH DOVR VKRZHG KRZ YHULILFDWLRQ FDQ EH GRQH XVLQJ WKH QDWXUDO
UHDVRQLQJ PHFKDQLVP LQ WKLV FKDSWHU  :H SURYLGHG H[DPSOHV RI VWRUDJH
VSHFLILFDWLRQ IRU D YDULHW\ RI FRPSRQHQWV LQ WKLV FKDSWHU )XUWKHU ZH VKRZHG
KRZ UHFXUVLYH SURFHGXUHV DUH KDQGOHG LQ WKH VWRUDJH YHULILFDWLRQ XVLQJ D
IDFWREOLJDWLRQ WDEOH DSSURDFK ,Q FKDSWHU  ZH  UDLVHG WKH LVVXH RI UHODWLYH
FRPSOHWHQHVV ZKHQ WKH VWRUDJH VSHFLILFDWLRQ LV GRQH DW WKH VDPH OHYHO RI






SURSRVHGD VWRUDJHPDQDJHU WKDW LVGLIIHUHQW IURP WUDGLWLRQDO VWRUDJHPDQDJHUV
DQGSURYLGHVIOH[LELOLW\HIILFLHQF\DQGSUHGLFWDELOLW\
6.1 Possibilities for Future Work
%DVHG RQ WKH SURSRVHG VWRUDJH VSHFLILFDWLRQ PHFKDQLVP IDFWV DQG REOLJDWLRQV






7KHUH LV DQ LQWHUDFWLRQ EHWZHHQ GXUDWLRQ DQG VWRUDJH UHTXLUHPHQWV RI D
FRPSRQHQW)RUH[DPSOHZKHQWLJKWFRQVWUDLQWVRQGXUDWLRQZDVVSHFLILHG WKH
UHVXOWLQJLQWHUPHGLDWHPRGHOVRIWHQWHQGWRXVHPRUHVWRUDJH7KHLPSDFWRIWKLV

















RQO\ XSSHU ERXQGV KDYH WR EH YHULILHG 7KH UXQWLPH VWRUDJH UHTXLUHPHQW
WUDQVLHQW VWRUDJH FDQ EH FRPSXWHG EDVHG RQ WKH SURJUDPPLQJ HQYLURQPHQW


:KHQ WKH VWRUDJH UHTXLUHPHQWV IRU EDVH W\SHV DUH EXLOW LQWR WKH SURJUDP
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>@ *DUODQ' DQG 3HUU\' ´,QWURGXFWLRQ WR WKH 6SHFLDO ,VVXH RQ 6RIWZDUH
$UFKLWHFWXUHµ,(((7UDQVDFWLRQVRQ6RIWZDUH(QJLQHHULQJ$SULO
>@ /HDYHQV * 7 DQG 1LHUVWUDVF[ 2 6LWDUDPDQ 0 ´ :RUNVKRS RQ
)RXQGDWLRQV RI &RPSRQHQW%DVHG 6\VWHPVµ $&0 6,*62)7 6RIWZDUH
(QJLQHHULQJ1RWHV12-DQXDU\SS
>@  3URFHHGLQJV RI 1$6$ )RFXV RQ 6RIWZDUH 5HXVH :RUNVKRS )DLUID[
9LUJLQLD6SHWHPEHU







'DWD $EVWUDFWLRQV ZLWK 6KDUHG 5HDOL]DWLRQVµ ,((( 7UDQVDFWLRQV RQ
6RIWZDUH(QJLQHHULQJ9RO1R$SULO










>@  :LQJ - 0 ´$ 6SHFLILHU·V ,QWURGXFWLRQ WR )RUPDO 0HWKRGVµ ,(((
&RPSXWHU6HSWHPEHU
>@ 'DQLHOD ,YDQ 5RVX.DUVWHQ 6FKZDQ 6XGKDNDU <DODPDQFKLOL DQG 5DNHVK
-KD ´2Q $GDSWLYH 5HVRXUFH $OORFDWLRQ IRU &RPSOH[ 5HDO7LPH
$SSOLFDWLRQVµ3URFHHGLQJVRIWKHWK,(((5HDO7LPH6\VWHPV6\PSRVLXP
6DQ)UDQFLVFR'HFHPEHU
>@  3DXO 5 :LOVRQ 0DUN 6 -RKQVWRQ 0LFKDHO 1HHO\ DQG 'DYLG %ROHV
´'\QDPLF6WRUDJH$OORFDWLRQ$6XUYH\DQG&ULWLFDO5HYLHZµ'HSDUWPHQWRI





LQ /DUJH & DQG & 3URJUDPV 7HFKQLFDO 5HSRUW &8&6
'HSDUWPHQWRI&RPSXWHU6FLHQFH8QLYHUVLW\RI&RORUDGRDW%RXOGHU
>@ .URQH - DQG 6LWDUDPDQ 0 ´([SUHVVLYH 6SHFLILFDWLRQ DQG 0RGXODU
9HULILFDWLRQRI3HUIRUPDQFHRI*HQHULF'DWD$EVWUDFWLRQVµ
>@  6LWDUDPDQ 0 ´2Q 7LJKW 3HUIRUPDQFH 6SHFLILFDWLRQ RI 2EMHFW 2ULHQWHG
6RIWZDUH&RPSRQHQWVµ 3URFHHGLQJV RI WKH  ,QWHUQDWLRQDO &RQIHUHQFH







>@ +H\P:'´&RPSXWHU3URJUDP9HULILFDWLRQ ,PSURYHPHQWV IRU+XPDQ
5HDVRQLQJµ 3K ' GLVV 'HSW RI &RPS $QG ,QI 6FL 7KH 2KLR 6WDWH
8QLY&ROXPEXV2+
>@ 0XUDOL 6LWDUDPDQ ´,PSDFW RI 3HUIRUPDQFH &RQVLGHUDWLRQV RQ )RUPDO
6SHFLILFDWLRQ'HVLJQµ)RUPDO$VSHFWVRI&RPSXWLQJ6SULQJHU9HUORJ
>@ %UHQDG6%DNHU(GZDUG*&RIIPDQ-UDQG'DQ(:LOODUG´$OJRULWKPV





$ S S H Q G L [  $
 concept Static_Array_Template
    context
    global context
    facility Standard_Integer_Facility
        parametric context
type Entry
            math operation
                LOWER_BOUND : Integer
            math operation
                UPPER_BOUND : Integer
    interface
        type Static_Array is modeled by function from Integer to math[Entry]
            exemplar a
            constraint  for all i : Integer (
                            (i < LOWER_BOUND  or i > UPPER_BOUND)  implies
    Item.init(a(i)))
            initialization
                ensures     for all i : Integer (
                                Item.init(a(i)))
        operation Get_Bounds (
                preserves a : Static_Array
                produces  lower : Integer
                produces  upper : Integer
            )
            ensures     lower = LOWER_BOUND  and
                              upper = UPPER_BOUND
        operation Swap_Entry (
                alters    a : Static_Array
                preserves i : Integer
                alters    x : Item
            )
            requires    LOWER_BOUND <= i <= UPPER_BOUND
            ensures     (for all j : Integer (
                            j /= i  implies  a(j) = #a(j)))  and
                        a(i) = #x and





realization body Static_Array_With_Top_Index concept Bounded_Stack_Template
context
local context
 Facility SA is Static_Array_Template(Entry,0,Max_Depth-1) realized by Pointer_Based
interface
     type Stack is represented by
               record
                 contents: SA
                 top  : Integer
               end
     convention
         0 <= s.top < Max_Depth
     correspondence
        conc.s = <s.contents (i-1) > i=s.top to 1
 procedure Push(
                  alters   s : Stack
                  consumes x : Entry
                )
  begin
    s.top:=s.top+1
    s.contents[s.top] :=: x
  end
  procedure Pop(
                 alters    s : Stack
                 produces  x : Entry
               )
  context variables
    temp : Entry
  begin
    temp :=: s.contents[s.top]
    x :=: temp
    s.top := s.top-1
  end
  function procedure Depth_Of(
                      preserves s : Stack
                     ) : Integer
  begin
   return (s.top)
  end
  function procedure Max_Depth () : Integer
  begin
    return (Max_Depth)
  end
end Static_Array_With_Top_Index







        parametric context
        type Item
local context
    math subtype Ceramic_Array is (
    contents    : function from integer to math[Item],
    lower_bound : integer,




    for all i : integer (
(i < a.lower_bound  or  i > a.upper_bound)
 implies  is_initial (a.contents(i)))
    interface
        type Ceramic_Array is modeled by ARRAY_MODEL
    exemplar a
            initialization
                ensures     a.lower_bound = 0   and
                            a.upper_bound = -1
        operation Get_Bounds (
                preserves a     : Ceramic_Array
                produces  lower : Integer
                produces  upper : Integer
            )
            ensures     lower = a.lower_bound  and
                        upper = a.upper_bound
        operation Set_Bounds (
                alters    a     : Ceramic_Array
                preserves lower : Integer
                preserves upper : Integer
            )
            requires    a.lower_bound > a.upper_bound  and
                        lower <= upper
            ensures     a.lower_bound = lower  and
                        a.upper_bound = upper  and
                        for all i : integer (
                            is_initial (a.contents(i)))
 (continued in the next page)


        operation Swap_Entry (
        alters    a : Ceramic_Array
                preserves i : Integer
                alters    x : Item
            )
            requires    a.lower_bound <= i <= a.upper_bound
            ensures     differ(a.contents, #a.contents, { i })  and
                        a.contents(i) = #x          and
                        x = #a.contents(i)
end Ceramic_Array_Template
Figure A.3 Ceramic Array_Template


realization body Ceramic_Array_With_Top_Index concept Ceramic_Stack_Template
context
local context
Facility CA is Ceramic_Array_Template(Entry) realized by Pointer_Based
interface
     type Stack is represented by
               record
                 contents: CA
                 top  : Integer
               end
     convention
         0 <= s.top < (contents.upper_bound – contents.lower_bound )
     correspondence












return((s.contents.upper_bound – s.contents.lower_bound) + 1)
end
 procedure Push(
alters   s : Stack
                  consumes x : Entry
                )
  begin
    s.top:=s.top+1
    s.contents[s.top] :=: x
  end
  procedure Pop(
alters    s : Stack
produces  x : Entry
               )
  context variables
    temp : Entry
  begin
    temp :=: s.contents[s.top]
    x :=: temp
    s.top := s.top-1
  end
 
(continued in the next page)

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  function procedure Depth_Of(
                      preserves s : Stack
                     ) : Integer
  begin
   return (s.top)
  end
  function procedure Max_Depth () : Integer
  begin
    return (s.contents.upper_bound – s.contents.lower_bound + 1)
  end
end Static_Array_With_Top_Index
Figure A.4 Ceramic Stack Realization





     facility Standard_Boolean_Facility





   parametric context
     type Entry
interface
type List is modeled by (left  : string of Entry right : string of Entry)
    exemplar s
uses capacity CList + (|s.left| + |s.right| )*CEntry_Overhead + ΣI=x C(x),
where IS_ENTRY_OF(s.left * s.right,x)
    initialization
      ensures  s.left = empty_string and s.right = empty_string
operation Insert(
                    alters   s : List
                    consumes x : Entry)
                   )
  requires  capacity CInsert + CEntry_Overhead
  ensures   s.left=#s.left and s.right=<#x> * #s.right
  operation Remove(
                    alters    s : List
                    produces  x : Entry
                  )
 requires  |s.right| != 0
requires capacity CRemove
  ensures   s.left = #s.left and #s.right = <x> * s.right
  operation Advance (
                     alters s : List
                    )
  requires |s.right| != 0
requires capacity CAdvance




                   alters s : List
                 )
requires capacity CReset
 ensures |s.left|=0 and s.right=#s.left * #s.right
  operation Advance_To_End(
                           alters s : List
                          )
requires capacity CAdvace_To_End
  ensures |s.right|=0 and s.left=#s.left * #s.right
  operation Reset(
                  alters s : List
                 )
requires capacity CReset
ensures |s.left|=0 and s.right=#s.left * #s.right
  operation Swap_Rights(
                                  alters s1 : List
                                  alters s2 : List
                                 )
        requires capacity CSwap_Right
        ensures s1.left = #s1.left and s2.left = #s2.left and
          s1.right = #s2.right and s2.right = #s1.right
  operation Left_Length_Of(
                             preserves s : List
                           ) : Integer
requires capacity CLeft_Length_Of
  ensures Left_Length_Of = |s.left|
  operation Right_Length_Of(
                             preserves s : List
                           ) : Integer
requires capacity CRight_Length_Of
  ensures Right_Length_Of = |s.right|
end List_Template




    global context
      facility Standard_Boolean_Facility
      mathematics  Integer_Theory
    local context
      math operation Min_Int : integer
definition Min_Int <= 0
      math operation Max_Int : integer
definition Max_Int > Min_Int
 interface
   type Integer is modeled by integer
   exemplar i
   constraint   Min_Int <= i <= Max_Int
uses capacity Ci
    initialization
requires capacity Ci
 ensures  i = 0
 operation Add(preserves i : Integer,
               preserves j : Integer,
               produces  result : Integer)
requires   Min_Int <= i+j <= Max_Int
requires capacity CAdd
ensures    result = i+j
 operation Multiply(preserves i : Integer,
               preserves j : Integer,
               produces  result : Integer)
 requires   Min_Int <= i*j <= Max_Int
requires capacity CMultiply
 ensures    result = i*j
 operation Subtract(preserves i : Integer,
                    preserves j : Integer,
                    produces  result : Integer)
 requires   Min_Int <= i-j <= Max_Int
requires capacity CSubstract
 ensures    result = i-j
 
--
  --Other operation are omitted
--
end Bounded_Integer_Template




   global context
     mathematics Set_Theory
   parametric context
     type T1
     type T2
interface
   type Record is modeled by tuple
                  f1 : T1
                  f2 : T2
                 end
    exemplar r
    uses capacity Cr2 + C(r.f1) + C(r.f2)
initialization
requires capacity Cr2 + C(T1.initial_value ) +
C(T2.initial_value)
      ensures  r.f1 = initial_value and r.f2 = initial_value
  operation Swap_First_Coord(
                             alters   r : Record
                             alters   x : T1
                            )
  requires capacity Cref
  ensures   r.f1 = #x and r.f2 = #r.f2 and
x= #r.f1
  operation Swap_Second_Coord(
alters   r : Record
                             alters   x : T2
           )
  requires capacity Cref
  ensures   r.f2 = #x and r.f1 = #r.f1 and
x= #r.f2
end Record_Template
Figure B.3 Storage specification of a Record with two fields
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 concept Static_Array_Template
    context
    global context
    facility Standard_Integer_Facility
        parametric context
type Entry
            math operation
                LOWER_BOUND : Integer
            math operation
                UPPER_BOUND : Integer
    interface
        type Static_Array is modeled by function from Integer to math[Entry]
            exemplar a
            constraint  for all i : Integer (
                            (i < LOWER_BOUND  or i > UPPER_BOUND)  implies
    Item.init(a(i)))
            uses capacity  Csa +     ∑ i= LOWER_BOUND UPPER_BOUND C(a(i))
            initialization
                ensures     for all i : Integer (
                                Item.init(a(i)))
                requires capacity Csa + (UPPER_BOUND - LOWER_BOUND) *
C(Entry.initial_value)
        operation Get_Bounds (
                preserves a : Static_Array
                produces  lower : Integer
                produces  upper : Integer
            )
            ensures     lower = LOWER_BOUND  and
                              upper = UPPER_BOUND
        operation Swap_Entry (
                alters    a : Static_Array
                preserves i : Integer
                alters    x : Item
            )
            requires    LOWER_BOUND <= i <= UPPER_BOUND
            ensures     (for all j : Integer (
                            j /= i  implies  a(j) = #a(j)))  and
                        a(i) = #x and








        parametric context
        type Item
local context
    math subtype Ceramic_Array is (
    contents    : function from integer to math[Item],
    lower_bound : integer,




    for all i : integer (
(i < a.lower_bound  or  i > a.upper_bound)
 implies  is_initial (a.contents(i)))
    interface
        type Ceramic_Array is modeled by ARRAY_MODEL
    exemplar a
   uses capacity Cca +   ∑ i=a.lower_bound a.upper_bound (C(a(i))
            initialization
                ensures     a.lower_bound = 0   and
                            a.upper_bound = -1
  requires capacity Cca
        operation Get_Bounds (
                preserves a     : Ceramic_Array
                produces  lower : Integer
                produces  upper : Integer
            )
            ensures     lower = a.lower_bound  and
                        upper = a.upper_bound
        operation Set_Bounds (
                alters    a     : Ceramic_Array
                preserves lower : Integer
                preserves upper : Integer
            )
            requires    a.lower_bound > a.upper_bound  and
                        lower <= upper
            ensures     a.lower_bound = lower  and
                        a.upper_bound = upper  and
                        for all i : integer (
                            is_initial (a.contents(i)))
 (continued in the next page)

        operation Swap_Entry (
        alters    a : Ceramic_Array
                preserves i : Integer
                alters    x : Item
            )
            requires    a.lower_bound <= i <= a.upper_bound
            ensures     differ(a.contents, #a.contents, { i })  and
                        a.contents(i) = #x          and
                        x = #a.contents(i)
end Ceramic_Array_Template
Figure B.5 Ceramic Array_Template
